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THE AMPHOTERIC PROPERTIES OF 
EGG ALBUMIN 


By R. Kerr Cannan, A. Kipricx, anp A. H. PALMER 
From New York University, College of Medicine, New York City, New York 


This paper is devoted to a discussion of the contribution which 
electrode titrations may make to the quantitative definition of the 
amphoteric properties of a protein. The argument will be illustrated 
by experimental curves for the titration of egg albumin with HCl 
and with NaOH under a variety of conditions. Some reference 
will also be made to a comparable study of -lactoglobulin,! the de- 
tailed results of which will be published elsewhere. 

The curves, which will be discussed, represent the relation between 
pH and a quantity which we will designate h. This quantity is sim- 
ply the difference between the equivalents of HCl (-++ ve) or of NaOH 
(— ve) added to one mole of protein and the equivalents of free 
H+ (+ ve) or of OH~ (— ve) present at the observed pH. We have 
adopted a value of 45,000 for the molecular weight of egg albumin.” 

The corrections for free H+ and OH- have been computed on the 
assumption that, 


pH = — Log [Ht] yu+ = Log [OH] you-/Kw 


The activity coefficients used have been calculated from observations 
of the pH of dilute protein-free solutions of HCl and NaOH con- 
taining amounts of inorganic salts corresponding to those in the 
various protein systems. (TABLE 1.) This method involves the as- 
sumption that the presence of protein does not affect the magnitude 
of either the activity coefficients or the liquid junction potentials. 
This, however, can be a significant source of error in the value of h 
only at the extremities of the curves. Indeed, it is the rapidly mount- 
ing importance of the correction for free H+ or OH at these ex- 
tremities which fixes the effective limits of titration at about pH 2 
and 12. Within these limits, we are satisfied that the pH of a given 
protein-HCl-NaOH-salt mixture can be reproduced on independent 
protein preparations with a probable error of less than + 0.02 pH— 
except in the substantially unbuffered region between 7.5-9.5. 


1 g-lactoglobulin is the name which we propose for the crystalline globulin which Palmer 
(Jour. Biol. Chem, 104: 359. 1934) isolated from the albumin fraction of cow’s milk. 
2 Tiselius, A., & Svennson, H. Trans. Faraday Soc. 36:16, 1940. 
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The significance of h depends upon the assumptions which are 
made with respect to the nature of the reaction with acid and base. 


ee Te 


If the reaction is confined to H+ and OH-, then h is equal to the © 


number of H+ combined with (+ ve) or dissociated from (— ve) one 
mole of initial protein. If the isoionic condition of the protein can 
be identified and A is measured from this condition, h, then, cor- 
responds with the mean valence (z) of the protein. Should, how- 
ever, the protein combine with ions other than those of water, 
h=z-++a—c, where a and c are the respective equivalents of bound 
anions and cations. One further qualification must be made. The 
occurrence of any irreversible reaction of the protein with H+ or 
OH- will modify the significance of the curves with respect to the 
amphoteric properties of the original protein. Moreover, should such 
irreversible reactions attain significant rates in specific regions of the 
curve, the shape of those regions will depend upon the conditions of 
observation. We are satisfied that the curves for egg albumin and 


TasE 1 
Kw 
Cale. LJ. 

d Potential rie! Yer eae 

YOH- 
2.38 M —0.3 mv. —0.077 13.88 
1.19 M —0.6 mv. +0.060 13.85 
0.667 M —0.9 mv. 0.115 13.84 
0.267 M —1.4 mv. 0.125 13.85 
0.183 M —1.8 mv. 0.113 13.87 
0.067 M —2.1 mv. 0.095 13.90 
0.033 M —2.5 mv. 0.083 13.92 
0.0167 M —2.9 mv. 0.072 13.94 
0.0085 M —3.2 mv. 0.060 13.96 


for B-lactoglobulin represent reversible equilibria over the range of 
about pH 2-11. Beyond these limits there is evidence for the par- 
ticipation of irreversible reactions. : 

The identification of the isoionic point of B-lactoglobulin presents 
no difficulties. This protein may be crystallized from solutions which 
are practically free from non-protein ions. The pH of a solution 
of the crystals is consistently found to be 5.20 + 0.01. This is prac- 
tically identical with the electrophoretic isoelectric point of 5.19 in 
0.1 M acetate.* It is identical also with the pH of intersection of 


Pedersen, K.O. Biochem, Jour. 30: 948, 1936. 
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a family of dissociation curves of 8-lactoglobulin corresponding to a 
range of concentrations of KCl varying from 0.01 to 0.67 M. 

The situation with egg albumin is more ambiguous. Egg albumin 
crystallizes from appropriate salt solutions over a wide range of pH 
(4.0-7.5). A solution of the crystals, even after protracted dialysis, 
stubbornly retains a proportion of the anions or cations originally 
bound to the crystals. Presumably exhaustive electrodialysis should 
produce isoionic material, but this may not be a convenient method 
for preparations in bulk. Sorenson, Linderstrgm-Lang, and Lund‘ pre- 
pared egg albumin by dialysis against dilute ammonia until free from 
sulphate, followed by a quantitative neutralization of the ammonia 
present with HCl. The pH of the resulting solution was 4.88 at 18°. 
They identify this with the isoionic point. Significantly, they found 
that a group of dissociation curves corresponding to a wide range of 
concentrations of NH,Cl (0.05-2.96 M) intersected at a point very 
close to 4.9. We have adopted 4.90 as the Isoionic Point of egg 
albumin, although we shall later point out that this point on the 
curve is not independent of [KCl]. More specifically, our assump- 
tion is that h = 0 in an egg albumin solution which has been dialyzed 
substantially free from sulphate and has then been adjusted to pH 
4.9 by addition of HCl or of NaOH. The amount of acid or base 
required by each preparation has been determined and all calculations 
of h have been corrected accordingly. 


METHODS AND RESULTS 


Our discussion of the amphoteric properties of egg albumin will be 
based upon studies of the effects on the curve of varying (a) the con- 
centration of protein, (b) the concentration of KCl or of MCl, present 
(M =Ca, Sr, Ba or Mg), and (c) the temperature. We will also 
use information from published and unpublished work on the effect 
of formaldehyde on the curve.® 

The main part of the work has consisted of an extensive investiga- 
tion, over the whole experimental pH range, of the effect of varying 
[KCl] from 0.0085 to 2.38 M. The observations on MCl, are less 
extensive and cover only the range pH 2.5-6. In this work on the 
effect of salts the hydrogen electrode was employed at 25°. The 
saturated calomel electrode was standardized with 0.01 M HCl in 
0.09 M KCl, assuming for this solution a pH of 2.10 and a liquid 


4 Sorensen, 8. P. L., Linderstrgm-Lang, K., & Lund, E. Jour. Gen. Physiol, 8: 543. 


1925-7. 
’ Kekwick, R.A., & Cannan, R.K. Biochem, Jour, 30: 235, 1936. 
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junction potential (L. J. P.) at a saturated KCl junction of — 2.2 my.° 
In an attempt to compensate for changes in L. J. P. with changes in 
the salt concentration of the protein systems, we have subtracted, 
from the observed electrode potentials, L. J. P.’s calculated with the 
aid of Henderson’s equation, using 74.2 and 77.2 for the equivalent 
conductivities of K+ and Cl- respectively (TABLE 1). 

Taste 2 presents a summary of the results. It was compiled in 
the following way. All observations at each [KCl] were assembled 
as points on a h : pH curve and a free-hand curve was drawn through 
them. The values in TABLE 2 were obtained by interpolation in these 
curves. Each curve is based upon observations on 40 or more reac- 
tion mixtures independently prepared. Four different preparations of 
egg albumin have been used in the work.?. The precision with which 
TABLE 2 reproduces the observations may be indicated by the state- 
ment that no reproducible observation is displaced from its curve by 
more than 0.5 eq. The great majority of the points falls within 0.2 
eq. of the curve. In ricure 1, several of the curves are reproduced 
to illustrate the general nature of the salt effect. 

The effect of protein concentration has been examined both in 
0.267 M KCl and in solutions containing no added ions other than 
those of the titrating agents. In the first case a change of protein 
concentration from 0.4 to 5% was without observable influence. In 
the absence of KCl an effect of [protein] was clearly evident. Data 
for three curves are reproduced in TABLE 3 which was constructed in 
the manner of Taste 2, The curve for 2.5% protein is the published 
curve of Kekwick and Cannan’ and is based on hydrogen electrode 
studies. The observations upon which the two other curves are based 
were obtained with the aid of a glass electrode-vacuum tube assembly. 
From these curves we will later attempt to estimate the magnitude 
of the contribution of protein ions to the ionic strength. 

A summary of the results of observations at 3 different temperatures 
is shown in FicurE 2. In this work a glass electrode was also em- 
ployed. It was calibrated in the manner described by Wyman.® 


DISCUSSION 


Discussion of these curves falls naturally into three parts: (a) a 
stoichiometric analysis, (b) an empirical analysis of salt effects, and 
(c) a theoretical approach to these empirical relations. 


¢ Guggenheim, E. A., & Schindler, T. D. Jour. Phys. Chem. 38: 533. 1934. 
7Kekwick, R. A., & Cannan, R. K. Biochem. Jour. 30: 227. 1936. 
8’ Wyman, J., Jr. Jour. Biol, Chem. 127:1. 1939. 
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Dissoctarion Curves or Eca ALBUMIN AT Constant p (KCl) 


TABLE 2 
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h = equi. [H*] bound per 45,000 gm. Egg Albumin 


a 


pH 
h 
2.384} 1.192 | 0.67y|/0.267u|0.133z| 0.067u| 0.033y) 0.017% 0.00854 
39 ONpo |2.43 || 2-40) 2-05, — — — —_ 
38 DUR ATESi be DSules obalea idan ta nOO! te — — 
36 3.04 | 2.95 | 2.88 | 2.63 | 2.48 |) 2.28 | 2.00 | — — 
34 9194 1.8.16 | 3.09 | 2.838 | 2.70} 2:50 |} 2.24 ) — — 
32 24009. 32  |3. 24, | 3.02) 2:88 4" 22.70) 2.546. |) == —- 
30 3.54 13.45 | 3.38 | 3.18 | 3.04] 2.86] 2.65); — — 
28 3.66 | 3.57 | 3.50 | 3.82 | 3.18] 3.03} 2.81 | — — 
26 Sn77 1FS68 1 | SO) lads) lre-o2. |) oe bale 2 .00n — 
24 DER TESETON EGate, | OtD0L | a4) |) S.G0 a abe |) ha — 
22 3.97 | 3.89 | 3.82 | 3.67 | 3.57 | 3.44] 3.26) — a 
20 4.07 | 3.99 | 3.92 | 3.78 | 3.69 | 3.57] 3.41] 3.29] 3.138 
15 4.32 | 4.23 | 4.17 | 4.05] 3.98] 3.88] 8.75] 3.66] 3.55 
10 4.56 | 4.48 | 4.42 | 4.383] 4.28] 4.21] 4.12] 4.06] 3.96 
8 4.66 | 4.58 4.52 | 4.44 | 4.40 4,34 4.26 4.22 4.14 
6 4.76 | 4.69 | 4.63 | 4.56 | 4.538] 4.48] 4.41] 4.38 | 4.32 
4 4.87 | 4.79 | 4.75 | 4.69 | 4.65} 4.62] 4.57] 4.55 | 4.50 
2 4.99 | 4.92 | 4.87 | 4.83 | 4.79] 4.77 | 4.74] 4.72) 4.69 
0 5.13 | 5.05 | 5.00 | 4.97] 4.95] 4.93} 4.92] 4.91] 4.90 
—2 Rogie 21 | oely | b.85 | O14 | 5.12 15 I betas oat 
—4 5.47 15.39 | 5.85 | 5.35 | 5.88] 5.838) 5.36] 5.38] 5.39 
= tt 5.70 | 5.62 | 5.58'| 5.57 | 5.56 | 5.59) 5.62] 5.65) 5.68 
— 8 5.98 | 5.90 | 5.86 | 5.87 | 5.89] 5.91] 5.96} 6.00|] 6.05 
—10 6.39 | — 6.26 | 7.28 | 6.29} 6.383] 6.89] 6.45 | 6.54 
—12 6.93 | — 6.80 | 6.82 | 6.87 | 6.91 | 6.97] 6.90] 7.12 
—14 (8.0) —_ (7.8) |(7.9) |(7.9) } (8.0) | (8.1) —- — 
—16 (9.2) — (9.0) |(9.1) |(9.1) | (9.2) | (9.4) -— — 
—18 50.205 9.62 | 9.69 | 9.73 | 9.80} 9.94) — —— 
—20 —_ —_ 9.93 |10.02 |10.06 | 10.15 | 10.29 | — — 
—22 = = 10.15: LOL26 LOLS PaelLO24 ls LOG. ie — 
—24 — = 110.23 110.47 110.53; |) 10.63 | 10.79 | — — 
—26 —_ = 110.52) 110.65: |10.,73' |) 10.847) EL.02) |) — — 
—28 —_ — 110.69 |10.83 10.92 | 11.04 | 11.22 | — — 
—30 — —_— AOVSS) [EVAOD NLS) 23h e425) — 
Os 0.016] 0.0155] 0.014] 0.009} 0.005} 0.000}—0.007;—0.014 —0.0205 
Bo (KCl) | 0.22 | 0.14 | 0.10 | 0.07 0.04 | 0.03] 0.02} 0.01] 0.00 
Bo (CaCh) | — — —0.14|—0.10]/—0.08/—0.06 |—0.05 | — — 
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TABLE 3 


Dissociation Curves or Ecc ALBUMIN WiTHOUT ADDED SALT 


[Pro- 80.3 gm. p. litre 32 gm, p. litre circa 25 gm. p. litre 
tein] =1.8mM = 0.71 mM = 0.56 mM 
h pH on us up pH ue (As ep pH p Us “up 
30 | 2.81 .063 .028 .035 | 2.62 032 012 019 2.54 024 .010 014 
26 | 3.06 .047 .024 .023 | 2.86 022 010 012 2.80 017 +.008 009 
22 | 3.26 032 .020 012 | 3.11 016 008 008 3.04 012 ,007 005 
18 | 3.48 022 .017 005 | 3.36 012 .007 005 3.29 00s .005 003 
14 | 3.72 016 .013 003 | 3.63 008 005 003 3.57 005 .004 ool 
10 | 4.01 012 .009 003 | 3.92 005 004 001 3.88 003 003 = 
6 | 4.33 009 .005 004 | 4,26 0025 .002 0015 | 4.25 003 002 001 
2 | 4.69 005 .002 003 | 4.68 0025 .001 0015 | 4.67 001 001 — 
0 | 4.90 _— — — 4.90 —_ _ — 4.90 — — — 
—2| 5.14 005 .002 003 | 5.14 004 .001 003 5.16 001 .001 — 
—6 | 5.66 012 .006 006 | 5.69 007 .002 005 5.72 004 .002 002 
—10 | 6.40 024 .009 015 | 6,45 014 004 010 6.44 006 .003 003 


Figure 1. Dissociation curves in varying [KC]. 


Curve 1—0.033 M KCl, 
Curve 2—0.133 M KCl. 

Curve 3—0.667 M KCl. 
Curve 4—2.38 M KCl, 
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4 6 oi 8 10 12 


Fieurn 2. Dissociation curves at varying temperature (KCl = 0.067 M). 
Curve 1—43° ©. 
Curve 2—27° C. 
Curve 3—7° OC. 


STOICHIOMETRY 


On any plausible theory of the structure of egg albumin, the only 
ionizable groups whose presence is to be anticipated are the carboxyl, 
imidazole, amino, phenolic hydroxyl, and guanidine groups. We may 
expect the contributions of these groups to the dissociation curve to 
be centered in the pH ranges 3-5, 5-7, 9-11, 10-12, and 11-13, respec- 
tively. In the presence of formaldehyde the only important change 
in this distribution will be a shift of the amino groups from pH 9-11 
to about pH 6-8. Three stoichiometric points in the curve should, 
therefore, be sought. One, at a pH of 2, or less, will correspond with 
the total cations; another above pH 13 with the total anions; and the 
third, in the region of pH 8.5, will represent a net charge equal to the 
total carboxyl groups less the cations present at this pH. In water 
the latter will be the sum of the amino and guanidine groups. In 
the presence of formaldehyde the guanidine groups will be the only 
cations at this pH. 

The experimental curves for egg albumin are clearly approaching 
@ common maximum at or below pH 2 (ricuRE 1). A special series 
of observations in this region on systems containing high concentra- 
tions of protein and of KCl, have led us to fix this maximum at 
h—=41+0.5. The published curves of Kekwick and Cannan,’ for 
systems containing no KCl, give a value of 40+1. At the alkaline 


250 ANNALS NEW YORK ACADEMY OF SCIENCES 


end, the feasible limit of accurate titration is at about pH 12. At 
this extreme there is no clear indication that the curves are approach- 
ing a limited value of h—a fact which is consistent with the presump- 
tion that the charge on the guanidine will not be completely suppressed 
below pH 13. Consequently, no direct measure of the total anions is 
possible. A well-defined break in the curves is, however, manifest 
at pH 8-8.5. In aqueous systems this corresponds with h = — 15 
-++ 0.5 while, in the presence of excess of formaldehyde, the value is 
—37+0.5. The latter is a slightly higher value than that reported 
by Kekwick and Cannan® but is more dependable in that it was de- 
rived from observations on systems at constant ionic strength and 


0 Qx10®9 10 


Figure 3. Apparent heat of dissociation (Q’). 


@ Temperature interval 7-27°. 
O Temperature interval 27—43°. 


containing higher concentrations of formaldehyde than those used in 
the earlier work. The difference between the net charge in water 
and in fermaldehyde at pH 9 is 22. It is a measure of the amino 
groups which react with formaldehyde. 

Wyman’ has shown how the contribution of the imidazole groups 
to the dissociation curve of a protein may be identified by determina- 
tions of the curve at different temperatures. Wyman assumes that 
the change in pH with temperature (ApH), at any chosen value of h, 
may be used to calculate an apparent heat of ionization (Q’) from the 
approximation: 

Uaelis 
T2 —T, 


He considers that Q’ will reflect the type of group whose dissociation 


Q’ = — 4.79 ApH: 
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dominates the curve in the region examined and he assigns values 
of about — 1000, + 6000 and + 10,000 cals. to the COOH, imidazole 
and amino groups, respectively. The relation of Q’ to h for egg 
albumin is shown in FicuRE 3. We conclude from this curve that the 
reaction of egg albumin with H+ is predominantly due to COOH 
groups at values of h positive to — 10 and predominantly due to amino 
groups at values of h negative to — 15. Although FicuRE 3 leads to 
no definitive estimate of the number of imidazole groups, it is entirely 
consistent with the value 5 +1. 

The evidence discussed above, which is based solely on an analysis 
of dissociation curves, leads to the following estimate of the numbers 
of the various ionizable groups in. egg albumin: 


ER bAl Cations cst as tire actin pistes ae © core Yelena ails 41 
b. Carboxyl minus guanidine...........-.-.-++seeeeeeee 37 
ra, INTE cee Oey oo Sore eet a Oo pcan pO rear a GzecuaM rs cacerGrce 22 
Ale lhinG hia) Ws Oe se oe Apenad aoe eplon on Ccmaa UC oR Ge USOC i 
e. a-c-d = guanidine..........-.... eee e eee ete eee 14 
PonIaet@ = CALDONYl cfs jete sie cio siele olen nirietor coerce eteteiene « 51 


Egg albumin is reported to contain roughly 1 mol. of phosphoric acid. 
Such a group would be expected to contribute 2 eq. to the curve. 
One of these would be submerged in the carboxyl region close to pH 2 
and the other in the imidazole region at about pH 7. Our estimates 
of carboxyl and imidazole groups will include any phosphoric acid 
present. 

The ionizable groups in a protein may also be estimated from the 
amino acid content on the assumption that the protein is a simple 
polypeptide. Pertinent data from the literature on the amino acids 
of egg albumin have been used to arrive at the following estimate. 


Amino Acid Tonizable Group Equi. per mol. 
Arginine® 1° Guanidine 14 
Histidine® Imidazole 4 
Lysine? Amino 15 
Tyrosine! Phenolic Hydroxyl 10 


Glutamic Acid = 40 

Aspartic Acid = 24¥ 
64 

Amide Nitrogen 31% 


33 Free Carboxyl Groups 33 


9 Vickery, H.B., & Shore, A. Biochem. Jour, 26:1101. 1932. 

Vickery, H.B. Jour. Biol. Chem. 132:325. 1940. 

u Calvery, H.O. Jour. Biol. Chem. 94:613. 1931-2. 

12 Chibnall, A.C. Personal communication, 

1: Shore, A., Wilson, H., & Stueck, G. Jour. Biol. Chem, 112: 407. 1936. 
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The most dependable of these determinations is, undoubtedly, that 
of arginine. The histidine analysis, moreover, can scarcely be so 
greatly in error as to raise a serious question of the presence of more 
than 4 mols. It is satisfactory, therefore, that the dissociation curves 
are entirely consistent with the established content of imidazole and — 
guanidine compounds. The lysine content, on the other hand, is in- 
sufficient to account for the groups which react with formaldehyde. 
An alternative determination of free amino groups may be derived 
from the reaction of the protein with nitrous acid. The reaction of 
nitrous acid with egg albumin substantially confirms the formaldehyde 
titration since it gives a value of 23-24 amino groups.® There is some 
evidence® against the view that the discrepancy between the lysine 
content and the free amino groups is due to the presence of a amino 
groups and, so, there remains the possibility that diamino acids other 
than lysine are present. 

There is a very great discrepancy between the free carboxyl groups 
indicated by the dissociation curves and those calculated from the 
amounts of glutamic and aspartic acids which have been isolated 
from egg albumin. This is probably due in part to incomplete re- 
coveries of these two acids, although it may also be due to the presence 
of hydroxyglutamic acid or other dicarboxylic acids. No simple de- 
parture from polypeptide structure will suffice to explain the anomalies 
which have been discussed. 

Finally, it will be observed that no allowance has been made for 
the contribution of the phenolic hydroxyl groups to the dissociation 
curve. This is due simply to the fact that the analysis of the curves 
has not extended above pH 9. It would be surprising if phenols dis- 
sociated significantly at so low a pH. There is, indeed, reason to 
doubt whether these groups contribute to the curve below pH 12. At 
the latter point, the value of h varies with » but does not, even in high 
concentrations of KCl, materially exceed the value which it attains 
in formaldehyde at pH 9. That is to say, the protons dissociated 
from egg albumin between pH 9 and 12 in water do not exceed the 
number of amino groups present. If phenols have dissociated below 
pH 12, a corresponding number of amino groups must still retain their 
charge at this point. It seems improbable that amino cations should 
persist at such a high pH. 

In the analysis of the dissociation curves which follows, we will 
assume that egg albumin behaves as a polyvalent ampholyte contain- 
ing 51 carboxyl, 5 imidazole (possibly including 1 phosphate), 23 
amino, and 14 guanidine groups. 
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EFFECT OF SALT 


When the effect of [KCl] on the dissociation curve of egg albumin 
is examined, it is found to exhibit a very simple quantitative relation 
toh. Let us adopt the curve for 0.067 M KCl as the standard curve. 
At chosen values of h we derive from TaBLE 2 the difference in pH, 
A pH,, between the standard and one of the other curves and plot this 
difference as a function of h. A linear relation is disclosed over all 
buffered regions of the curves. It may be described by 


A pH, = a,h + Bs (1) 


where a, is the slope and 8, is the value of A pH at pH 4.9. The Bp 
term is merely the expression of the fact that the curves at different 
[KCl] do not intersect at the chosen Isoionic Point. For the curves 
of £-lactoglobulin over the same range of concentrations up to 0.67 M 
KCl a similar relation has been demonstrated. The values of a are 
very nearly the same for the two proteins, provided h be calculated 
for the same unit weight of protein. In the case of B-lactoglobulin, 
however, there is no £ effect because all curves meet at the Isoionic 
Point. Since identical methods and assumptions were employed in 
the two studies, we do not believe that , can be dismissed as an 
artifact reflecting errors in the calculated L.J. potentials. At the 
same time, it should be observed that, even in the case of egg albumin, 
B is a quantity of significant magnitude only at the higher ranges 
of ionic strength. 

The only observable effect of substituting KCl by MCl, at constant 
ionic strength seems to be a parallel displacement of the whole dis- 
sociation curve toward a lower pH to an extent increasing with p. 
In other words, a, is unaffected but 8, is changed in sign. The dis- 
placements due to Cat+ and Mgt+ are almost identical and are 
slightly greater than those due to Sr++ or Baca: 

The f correction is an empirical device for bringing all curves into 
coincidence at the Isoionic Point of the standard curve. Its justifica- 
tion is merely that the effect of salt on the curves can, then, be ra- 
tionally related directly to the net charge of the protein. A more 
logical device would be to bring all curves into coincidence at pH 4.9,— 
the assumed Isoionic Point in the absence of salt. The correction 
term, then, becomes Bo (TABLE 2) where Bo = Bs + 0.03. The qualita- 
tive relation of Bo to the nature of the ions present, and to their con- 
centration, is consistent with a preferential combination of the protein 
with one of the ions of the salt which is present. In KCl the sign of 
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Bo would then indicate a preferential combination with Cl-, whereas — 
in MCl, it would indicate preferential combination with the divalent 
cation. The specific effects of salts on electrophoretic mobilities and 
on membrane potentials in egg albumin solutions are capable of the 
same qualitative explanation. If specific ion association is involved, — 
we should, however, expect the effect to be related in some way to the © 
charge on the protein. Yet, we assume above that Bo is independent ~ 
of the charge. This is not an essential assumption. It would seem 
probable that o represents the magnitude of the specific effects at 
the Isoionic Point and that these vary with h. In that case, a repre- 
sents the resultant of the specific and non-specific effects insofar as 
they are related to the charge. The specific effects are, however, small 
compared with the general ion effects and so the observed values of 
a in different salts at the same ionic strength are not noticeably 
different. 

On the assumption that a has the qualities of an activity correction, 
we have sought to relate it to Wp. A satisfactory linear relation up 
to 1 M KCl does emerge if we plot a, as a function of the Debye- 
Huckel approximation for the activity coefficient of a univalent ion 
(Equation 6), using a plausible value for the “distance of closest 
approach.” The simplest assumption with respect to the latter is to 
identify it with the apparent radius of the egg albumin molecule. 
For this we have adopted the value of 27.5 A as recommended by 
Adair and others. Values of Ln y, designated Ln y1, calculated for 
a = 27.5 A are given in TaBLe 4. More precisely, however, we should 
expect a to exceed the egg albumin radius by an amount equal to the 
mean radius of the ions in the ion atmosphere. Now, in simple solu- 
tions of KCl, the observed activity coefficients of KC] may be recon- 
ciled with the Debye-Huckel equation if a = 4 A‘ corresponding to 
a mean radius of the ions of 2 A. We have, accordingly, calculated 
a second set of values for egg albumin, designated Ln yo, for the as- 
sumption that a= 29.5 A. In ricure 4, a, is plotted as a function 
both of Ln y; and of Ln ye. The relations, up to »=1, are linear 
and correspond with ‘ 


— a, = 0.057 + 0.64 Ln y1 = 0.060 + 0.7 Ln yo. 


14 MacInnes, D. A. ‘The Principles of Electrochemistry '’ Rheinhold Publishing Corp. 
New York, 1939. p. 165. 
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TABLE 4 
B Os —Ln y1 —in y2 

0.0085 —0.0205 0.0584 0.0563 

0.0167 —0.014 0.0688 0.0659 

0.033 —0.007 0.0796 0.0757 

0.067 —0.000 0.0895 0.0846 

0.133 +0.005 0.0981 0.0922 

0.267 0.009 0.1053 0.0986 

0.667 0.014 0.1127 0.1050 

1.19 0.015 0.1162 0.1080 

2.38 0.016 0.1194 0.1108 

A pH Wexp, 

i SS Wexp. UI We f = 
Ah We 

0.0085 0.085 0.0585 0.0696 0.0717 0.82 
0.0167 0.078 0.0505 0.0592 0.0621 0.81 
0.033 0.071 0.0425 0.0484 0.0523 0.81 
0.067 0.064 0.0345 0.0385 0.0434 0.80 
0.133 0.059 0.0285 0.0299 0.0358 0.80 
0.267 0.055 0.024 0.0227 0.0294 0.81 
0.667 0.051 0.019 0.0153 0.0230 0.83 
1.19 0.050 0.0185 0.0118 0.0200 0.93 
2.38 0.049 0.0175 0.0086 0.0172 1.0 


Curves of Sdrensen, Linderstrdm-Lang, and Lund* 
ee 
Ammonium Chloride 


0.05 0.0685 0.0395 0.047 0.84 

0.20 0.0575 0.027 0.0319 0.84 

0.99 0.049 0.017 0.0209 0.82 

1.96 0.046 0.0135 0.0165 0.380 
Ammonium Sulphate 

0.089 0.0610 0.031 0.0400 0.78 

0.521 0.0510 0.0195 0.0246 0.81 


Now, 0.057 and 0.060 are simply the values of 0.64 Ln yi and of 
0.7 Ln ye, respectively, when » = 0.067. Consequently, 


ot, — 0.64 A Ln yi = 0.7 A Ln y2 and, from (1), 
A pH — £, = 0.64 h. A Ln y1 = 0.7 h. ALn y2 (2) 
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-0.02 


0.01 


=0.06 |, y -0.08 -0.10 


Figure 4. Relation of ag to —Ln y. 


O ef. Ln un. 
@ cf. Ln 72. 


Ionic Strength of Protein Ions 
In protein solutions containing no simple ions other than those 
of the titrating agents, we may assume that the ionic strength (,) 
is the sum of the contribution of the inorganic ions (y,) and that of 
the protein ions (y,). At chosen values of h in TABLE 3 we have 
calculated » on the assumption that equation (2) applies. We may 


also calculate p, since 2u, = Lots + [H+] + q, where g = gm. pro- 


tein per liter and gq = the eq. of acid or base necessary to bring g gm. 
of the protein preparation to the Isoionic Point. The difference, 
pf} — Ms Zives py. The calculation is indirect and is based upon small 
differences in pH. Consequently, the results are highly irregular. 
They do, however, suggest that 2, does not, even at high values 
of h, substantially exceed the equivalent concentration of the net 
charge on the protein. We have suggested elsewhere! that pw, does 
not vary much with the net charge and that the dipoles on the protein 
seem to make some contribution. Taste 3 does not support this, 


16 Cannan, R. K. Cold Spring Harbor Symp. Quant. Biol. 6. 1938. 
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| though it does confirm the relatively small value of », even at large 
values of h. 


THEORETICAL 


Let us restrict consideration to that section of the dissociation curve 
of a protein which lies between pH 2 and 6. The protein may, then, 
be treated as a polycarboxylic acid with a fixed cation charge of n 
and a variable net charge depending on the number of protons which 
have dissociated from the m COOH groups present. The successive 
proton dissociations may be defined by the constants hy’, ke’, . 
ko’... Km’, such that 


fe [Praal QH (es) Yn—z41 a 
—4 = . . H 
(peel (Baaeen) Yn—z 


where [ ] represents the concentration, ( ) the activity and y the 
activity coefficient of the protein ion whose charge is denoted by the 
subscript, and ay is the hydrogen ion activity. Applying the Mass 
Law to these m dissociations, we may derive the following expression 
for the relation of az to the number of protons dissociated, (n — h): 


h n> Gn” + (n—1)ki on™" + --- +i(n—m)ka'he! 2. Kem” 
OM ap bialag? + 2-4 << Ald Mi dabareain tibet 


We now assume that all of the COOH groups have the same intrinsic 
dissociating tendency defined by the intrinsic constant ko. A rela- 
tion between ky and k,’ may be sought in terms of electrostatic inter- 
actions. The first attempt to establish such a relation for a polyvalent 
ampholyte was made by Linderstrgm-Lang?® on the basis of a very 
simple model. He considered the case of a spherical ampholyte in 
which the interactions of its charges with the dissociating protons and 
with the ion atmosphere could be represented by the electrostatic effect 
of a charge at the centre of the sphere equal to the net charge on the 
molecule. The validity of the working equation which Linderstrém- 
Lang derived was restricted to the centre of the dissociation curve 
by reason of the assumptions made in its derivation. Moreover, the 
amphoteric characteristics which he assigned to his model were very 
different from those which are characteristic of proteins. In the 
treatment which follows, we have merely adapted the argument of 
Linderstrgm-Lang to the case of a protein having characteristics of 
the type we have attributed to the egg albumin molecule and extended 


hese 


(3) 


(4) 


n—- 


16 Linderstrgm-Lang, K. Compt. rend. trav. lab. Carlsberg, 15, No. 7. 1923-5. 
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its application to the whole course of the experimental curves. Fol- 
lowing Linderstrgm-Lang, we may write 


ioe = MER! - ko- e2(n—z)b . g2(n—z+0.5) Lny 
x 
= mol FE ko’ 3 e2(n—2+0.5)0 
x 
m—x£+1 
or pkz’ = pko’ — 0.87 (n—x+0.5)w — Log ————_. (5) 
In these equations 
2 
Me cele Io! = koe 
2DrkT 
= K Kr 
—Lny = . =b-: 
2DkT 1-+ka 1+kxa 
diab Tae b [2 pt (6) 
and w = ny = - ; 
i er 
The term mozyt is the statistical expression of the multiple op- 


portunities for the dissociation of the x* proton. The first exponential 
term in (5) represents the interaction of this proton with the net 
charge, n — x, of the protein. The final term is the Debye-Huckel 
expression for the activity coefficient ratio in (3). 

The values of the constants ky’ . . . km’ may be calculated from 
(5) for chosen values of ko’, w, m and n. These constants may then 
be introduced into (4), computations made of the values of h at 
chosen values of pH and a theoretical dissociation curve constructed 
for each value of w employed. A less tedious method is to derive 
values of w from the experimental curves and to compare these with 
those calculated from (6) using plausible values for a, r, and D. 
Linderstrgém-Lang has shown that the central sections of curves de- 
fined by (4) and (6) are approximately straight lines whose slopes 


are given by 

ApH 2 

——_ = — 0. —). 

Ah 87 (« t ) (7) 


The slopes of the experimental curves between pH 3 and 4.5 have 
been determined graphically. They are recorded in TABLE 4 together 
with the values of w, Wexp,, calculated from them (m=51). The 
slopes in the region of pH 11 have also been determined. They lead 


— aA 
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| to substantially the same values of Wexp. (m= 23). In TABLE 4 and 
FIGURE 5, Wexp, is compared with two sets of values of w calculated 
from (6). The series, designated w, is for the condition that r =a = 
27.5 A, and that designated we, for the condition that r = 27.5 A and 
| a=29.5 A. The value of D is assumed to 78.8. The linear relations 
which are apparent in FricuRE 5 correspond with 


Wexp, = 0.007 + 0.74 wi = 0.8 we. 


It is evident that wexp, is more simply related to w2 than to 1. In 
brief, if we assume that r= 27.5 A and a = 29.5 A, then the intro- 


06 


02 04 06 
w (theory) 


Fieurn 5. Relation between experimental and calculated values of w. 


~ duction of an empirical coefficient, f, into the interaction terms of (6) 
is all that is necessary to effect a quantitative reconciliation of the 
theory with the observed slopes of the curves at pH 3-4.5 and at 
pH 10-11. For ionic strengths up to 1, f has a value of 0.8. At 
higher ionic strengths, the value rises towards 1. In the calculations 
which follow, we will restrict consideration to curves for » < 1, sub- 
stituting (9) for (5). 

m—xz+1 
phe! = pko’ — 0.7 (n—2+0.5) w, — Log - ————. (9) 
Tt remains to be shown that (9) leads to consistent values for ko’ and 
that (9) and (4) suffice to describe the whole course of the experi- 
mental curves. 
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Values of ko’ 
At the mid-point in the curve of a symmetrical polyvalent acid, 


peptide ala NER oe ee pk'm+1. It follows, from (9), that 
2 


2n—™m 
pHnia. = pho’ — 0.7 ( 5 ) 


Assuming the presence of 51 carboxyl, 5 imidazole, and 23 amino 
groups, the values of h at the mid-points of the contributions of these 
groups will be 15.5, — 12.5, and — 26.5, respectively. The corre- 
sponding values of pHmia, are given in TABLE 5 together with the values 


TABLE 5 
(2n — m) 
pk’ = pHmid, — Bo + 0.7 We 
2 
n—m COOH Imidazole Amino 
2 
2 15.5 —12.5 —26.5 
BL We Bo pHnia pko’ =| pHmia.| pho’ | pHmia, | pho’ 
0.0085 | 0.072 0.0 3.50 4.26 —_— _ _ a 
0.0167 | 0.062 0.01 3.63 4,27 —_— — = = 
0.033 0.052 0.02 3.74 4.29 4n2e 6.75 | 11.07 10.07 
0.067 0.0435 0.03 3.85 4.28 7.18 6.78 | 10.89 10.07 
0.133 0.036 0.04 3.95 4.30 7.14 6.79 | 10.78 10.08 
0.267 0.0295 0.07 4.03 4.28 7.08 6.75 | 10.69 10.07 
0.667 0.023 0.10 4.14 4.30 7.06 6.75 | 10.58 10.01 
1.19 0.020 0.14 4.21 4.32 — _ — = 
2.38 0.017 0.22 4.30 4.33 es eee oad = 
Mean 4.29 Civ 10.07 


of pko’ calculated from them. The latter are not inconsistent with 
the characteristics of the groups to which they are attributed, although 
that for the amino group is lower than would be expected. 


Theoretical Dissociation Curves 
The stoichiometric analysis of the experimental curves has indicated 
that the contributions of the three types of groups do not overlap to 
any important extent. By a simple approximation, therefore, (9) 
and (4) may be extended to cover the whole experimental range of 
pH. The equations are solved independently for each type of 
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group and the results are, then, combined to give the necessary data 
for the construction of a composite curve. Only in the region of 
pH 6 will such a curve depart significantly from the true curve for 
the ampholyte, owing to a slight overlapping of the carboxyl and 
' imidazole constants. The computations are tedious but have been 
made in detail for we = 0.0435, which corresponds with p= 0.067. 
The calculated values of h are compared, in TABLE 6, with a series 


TABLE 6 


THEORETICAL AND OBSERVED CURVES FOR » = 0.067 


ee 


WwW, = 0.043; 0.7 wz. = 0.038; Bo = 0.03 
ply’ (COOH) = 4.29; pho’ (imidazole) = 6.7; pho’ (amino) = 10.07 


ne UTmEsnnEEEEnEEnESE EEE EERE 


Cale. pH = s 
Obs. pH — Bo Cale. Obs. 

1.5 39.80 — 

2.0 37.82 37.8 
2. 33.88 33.7 
3.0 28.33 28.0 
3.5 20.61 20.7 
4.0 13.11 12.9 
4.5 5.38 5.3 
4.9 0.00 0.0 
5.0 — 1.08 — 1.0 
5.5 — 5.72 — 5.5 
6.0 — 8.55 — 8.6 
6.5 —10.67 —10.7 
7.0 —12.28 —12.1 
7.5 —13.57 —13.5 
8.0 —14.4 (—14.0) 
9.0 —15.68 —15.8 
9.5 —16.76 —17.0 
10.0 —19.22 —19.3 
10.5 —22.91 —23.1 
11.0 —27.78 —28.0 


2 ee ares 


of observed values obtained by interpolation in the experimental curve. 
The remarkable agreement between them is good evidence that (4) 
and (9) describe the whole course of the curve with precision. A suf- 
ficient number of calculations have been made at other ionic strengths 
to satisfy us that the theory may be applied to the other curves with 
equal success. 
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The significance of the coefficient, f, is obscure. The most plausible — 
explanation would seem to be that it represents the extent of departure — 
of the egg albumin molecule from the assumptions of spherical sym- 
metry and a random distribution of ionizing groups. It may, how- © 
ever, reflect errors in the assumptions respecting the values of the © 
molecular weight and of a, r, or D. The coefficient could be raised | 
to unity by reducing the anhydrous molecular weight to 36,000 or, | 
less plausibly, by substantially increasing a, r, or D. 

Two hypothetical curves are of some interest. One of these is the 
ideal curve for zero ionic strength. For this condition w2 = b = 0.128. 
Data for the construction of this curve will be found in TaBLE 7 which 
has been given the form shown in order to facilitate comparison with 
the experimental data of ranLE 2. The calculations were made in the 
same manner as those in TABLE 6. The curve was, then, drawn and 
the Values given in TaBLE 7 were obtained by interpolation. The sec- 
ond hypothetical curve is that for w= 0, or Ln y2 = — b = — 0.128. 
This condition could only be achieved at infinite ionic strength and, — 
then, only if ar. Alternatively, the curve may be referred to an 
ideal state in which the interaction terms are negligible—a state 
which could be approached by a sufficient increase in a, r, or D. 
When w =O, (5) reduces to 


m—xz+1 


x 


ke’ = Io’. (11) 
Now, von Muralt!” and others have shown that, when this relation 
exists, the curve of the polyvalent acid becomes identical with that 
of m equivalents of a univalent acid having a dissociation constant 
equal to ko’. Consequently, 


an m—(n—h) 
Ito’ 7: n—h 


The data for w=0 in Tastm 7 were obtained by solving (12) for 
each type of group in turn and, then, combining the results into a 
composite curve. Now, it may be seen from (6), that the possible 
values of w must all lie between b and zero. The significance of 
TABLE 7 is that it defines the limiting shapes of the theoretical egg 
albumin curve. If the two limiting curves are compared, it will be 
found that their relative positions can be described by (2) with the 
same precision that this empirical equation describes the relations 


(12) 


von Muralt, A.L. Jour. Amer. Chem. Soc. 52: 3518. 1930. 
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TaBLy 7 
THEORETICAL CURVES 


ue 0 0.067 oo 
We 0.128 0.043 0.00 
0.7 wr 0.09 0.03 0.00 
ee es = ane 
h pH 
38 = 1.96 3.09 
36 0.10 2.25 3.33 
34 0.41 2.48 3.49 
32 0.72 2.68 3.62 
30 1.05 2.85 3.73 
28 1.30 3.01 3.82 
26 1.58 3.14 3.91 
24 1.80 3.27 3.99 
22 2.08 3.40 4.06 
20 2.33 3.52 4.13 
15 2.94 3.86 4.31 
10 3.58 4.18 4.48 
8 3.83 4.31 4.55 
6 4.07 4.45 4.63 
4 4.34 4.58 4.71 
2 4.61 4.74 4.80 
0 4.90 4.90 4.90 
2 5.20 5.08 5.02 
—4 5.52 5.29 5.16 
— 6 5.88 5.52 5.35 
shits} 6.32 5.85 5.60 
—10 6.90 6.32 6.03 
—12 7.66 6.95 6.60 
—14 (8.6) (7.8) (7.3) 
—16 (10.1) (9.2) (8.7) 
—18 10.85 9.77 9.25 
—20 11.30 10.10 9.52 
—22 11.68 10.38 9.71 
—24 12.04 10.61 9.88 
—26 == 10.82 10.03 
_98 owe 11.02 10.18 
30 a 11.25 10.34 


between the experimental curves. This equation is evidently a close 
approximation over the whole pH range to the requirements imposed 
by (4) and (9). Now, according to (9), the change in pk,’ (Apk,’) 
with change in p (A Ln yz) is: 
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pkey’ = 0.7 (n—2x+ 0.5) ALn ye. 


As a close approximation (cf., equation (2)), therefore A pk,’ = A pH 
when n—h=a—0O.5. This suggests an inquiry into the relation 
between n—h and x when, at a given ionic strength, pH = pk,’. 
The relation is a complex function of w, x, n, and m which reduces 
to simple terms only when w= 0 or when w is so large that the dis- 
sociation of successive protons are substantially separated on the pH 
scale. In the latter case n—h—=2—0.5 when pH=pk,’. In the 
case of a molecule of the size of a protein, however, w can only have 
values which are relatively close to zero. When w=0, we have, by 
combining (11) and (12) and setting ag = ky’, 
mx x 


n—-h= =n = . 
m+1 m+1 


That is to say, for no possible value of x can n—/h deviate from 


x — 0.5 by more than = 7. €. by more than + 0.5. If we 


m—1 
5(m +1)’ 
restrict consideration to the well-buffered region of the curve,—i. e., 
to values of n — h between 0.2 m and 0.8 m—then n—h=ax—0.5 
+ 0.3. This is independent of the value of m. When w assumes 
small positive values, such as those attributed to egg albumin, the 
situation is not substantially altered, although the deviation of n —h 
from x — 0.5 at a chosen value of h diminishes steadily as w increases. 
We conclude that almost the whole of a theoretical curve may be 
constructed with an error of less than 0.5 eq. simply by plotting cal- 
culated values of pk,’ as a function of h=n—a2-+0.5. The labori- 
ous computations involved in the solution of (4) are thus avoided. 
Now, it is true that the probable errors in the titration of a single 
protein preparation should be less than 0.5 eq. It is doubtful, how- 
ever, if the curve of a protein can be reproduced on independent 
preparations with a precision exceeding this. The graphic approxima- 
tion which has been described can, of course, be improved for small 


me ;)in place of h=n—2+0.5. 


One of us!® has recently shown that the carboxyl regions of the 
dissociation curves of egg albumin and of f-lactoglobulin may be 
described by the equation 


values of w by using h =n—z 


—(n—h 
n—h 
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where k’ and v both vary with the ionic strength. Kern’® has in- 
dependently used the same type of equation to describe the curves 
_ of certain polyacrylic acids. In the paper referred to, we showed* 


that v — 1 was related to w - and suggested that (13) might be a 


more general approximation to the requirements of the Linderstrgm- 
Lang theory than is (7). This suggestion is withdrawn inasmuch as 
(13) tends to give somewhat low values for w when v is adjusted to 
give the best fit over a wide section of the observed curves. Equation 
(2) of the present paper is a much more comprehensive approximation 
than is either (7) or (18). 


Effects of Ammonium Chloride and of Ammonium Sulphate 


Sorensen, Linderstrdém-Lang, and Lund‘ have published careful 
studies of the effects of these salts on the curve of egg albumin between 
pH 4 and 5. From the slopes of their curves, we have derived Wexp. 
with the aid of (13).** In Tastx 4 these values of Wexp. are compared 
with those of we calculated for the ionic strengths which they em- 
ployed. The ratio wexp./W2 = f is seen to be very close to that which 
we have found for KCI and for the chlorides of the alkaline earths. 


SUMMARY 


1. Studies are reported on the effects of temperature, and of the 
concentration of protein and of various salts, on the dissociation curve 
of egg albumin. 

2. The dissociation curve (pH 2-11) is consistent with the pres- 
ence of 50-51 carboxyl, 4-5 imidazole, 23 amino, and 14 guanidine 
groups in a molecule of 45,000 grams anhydrous molecular weight. 
These values for imidazole and guanidine groups agree with the 
amounts of histidine and arginine which have been isolated from egg 
albumin. The amino and carboxyl groups both exceed by about 50% 
the number to be expected from the lysine and the dicarboxylic acid 
contents respectively. 


1sKern, W. Zeit, physik. Chem. A,181: 249. 1938, 
* In the first paragraph of page 6 of reference 15 there are two misprints. h’/q should 


read 2h’/g, and equation 9 should read pH — pl = (wg + 1) Log ; . 
heh | 

** The values of h reported by these authors were based on the assumption that egg 

albumin contains 14.28% nitrogen. The reason for this figure is not clear. Their values 

were recalculated for the generally accepted figure of 15.6% N and for a molecular weight 


of 45,000. 
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3. The slopes of the curves vary with the ionic strength and are 
substantially independent of the nature of the ions present. The 
apparent Isoionic Point depends on the nature of the ions as well as 
on their concentration. 

4. The curves may be reconciled with Linderstrdm-Lang’s applica- 
tion of electrostatic theory to proteins, provided two empirical cor- 
rections are applied. These are: 


a. the adjustment of the pH scale for each curve in such manner 
as to bring all curves to coincidence at the Isoionic Point. 

b. the introduction of a factor of 0.8 into the electrostatic inter- 
action terms which, according to the theory, determine the 
slopes of the curves. 


5. The question of the contribution of the protein ions to the ap- 
parent ionic strength is considered. 


THE INFLUENCE OF pH ON THE MOBILITY 
AND DIFFUSION OF OVALBUMIN 


By L. G. LoneswortH 


From the Laboratories of The Rockefeller Institute for Medical Research 
New York City, New York 


INTRODUCTION 


Some progress has been made in the development of a satisfactory 
theory for the electrophoresis of proteins including the correlation of 
mobilities with their other physical properties. Thus Abramson 
has shown that in the region near the isoelectric point a propor- 
tionality exists between the mobility of the protein, as measured with 
the aid of the micro-cataphoretic method, and the amount of hydrogen 
ion bound to it as determined from the titration curve. To establish 
this proportionality he plots the pH as the abscissa for both the 
titration and mobility curves and shifts the former vertically until 
the acid bound by the protein is zero at the isoelectric point, 7. e., the 
pH at which the mobility is zero. The scale of ordinates for the 
mobilities is then selected to bring another point on this curve into 
coincidence with the titration curve and if the two curves then super- 
pose, the proportionality is established. In most of the cases studied 
by Abramson and his collaborators the comparison has been made 
over a rather narrow pH interval in which the titration and mobility 
curves are approximately linear. It seemed desirable to extend the 
comparison over the entire pH-stability range of a typical protein 
the titration curve of which exhibits some characteristic feature that 
one might expect to be reproduced in the mobility curve. Ovalbumin 
is well adapted for this comparison since it has a wide stability range, 
pH 2.6-12.0 at 0° C., and has a characteristic plateau in its titration 
curve from pH 7.0 to 10.0. It is one of the purposes of this paper to 
report mobility measurements on ovalbumin over the pH interval from 
1.8 to 12.8 and to compare these results with titration data on the same 
protein. The results have been interpreted with the aid of the Debye- 
Hiickel-Henry theory. One of the uncertainties in the computations 
with this theory, 7. e., the friction coefficient of the protein, has been 
eliminated with the aid of diffusion measurements on ovalbumin over 
the same pH range and these results are also reported here. The 


1 Abramson, H.A. Jour. Gen. Physiol. 15: 575. 1931-32. 
(267) 


268 ANNALS NEW YORK ACADEMY OF SCIENCES 


behavior of ovalbumin outside of its stability range will also be con- 
sidered briefly. 


MOBILITY MEASUREMENTS 


The mobility measurements to be reported in this paper have been 
made on the dissolved protein with the aid of the moving boundary 
method. The apparatus employed in these experiments is a modifica- 
tion of that used by Tiselius? and has been adequately described in 
previous papers from this laboratory.*: * °° The computation of 


{ 
{ 
t 
0 


Fieure 1. 


mobilities from the electrophoretic patterns has not been discussed 
elsewhere in sufficient detail, however, and will now be considered. 
It is a feature of the moving boundary method, as applied to pro- 
teins, that the rising boundary is usually sharper, and its position 
more easily determined, than the descending boundary, with the 
result that observations on the rising boundary have been used in 
preference to those on the descending boundary for the computation 
of mobilities. Dr. MacInnes and I showed,‘ however, that mobilities 
computed from observations on the rising boundary could be seriously 


? Tiselius, A. Trans. Faraday Soc. 33: 524. 1937. 

* Longsworth, L. G., Cannan, R. K., & MacInnes, D. A. Jour, Am. Chem. Soc, 62% 
2580. 1940. 

‘ Longsworth, L. G., & MacInnes, D. A. Jour. Am, Chem, Soc. 62: 705, 1940. 

’ Longsworth, L.G. Ann. N. Y. Acad. Sci. 39: 187. 1939. 

* Longsworth, L. G., & MacInnes, D. A, Chem. Rev. 24:271. 1939. 
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in error if a rather involved correction for the 8 effect were not made. 
Even in cases where mobilities have been computed from observa- 
tions on the descending boundary the results may be in error if the 
complete concentration gradient curve through the boundary is not 
available and interpreted properly. Thus the center of a schlieren 
band photograph of a boundary does not locate the position of the 
boundary correctly if the gradients in the latter are not symmetrical 
about the ordinate passing through the maximum value of the gradient. 
The location of a diffuse descending boundary is illustrated in FIGURES 
1to3. The electrophoresis cell, in which the boundaries between the 
buffer and protein solutions are formed initially at the level a-o’, 


a d’ 


Fiaure 2. 


is shown diagrammatically in ricurn 1. When formed the boundaries 
are quite sharp and their precise location presents no difficulty. On 
the passage of a given quantity of electricity the boundary in the right 
hand side of the channel, for example, descends to a new position, d, 
but in so doing frequently becomes broad and diffuse as indicated 
by the shading in the figure. The variation of the refractive index 
gradient, assumed proportional to the concentration gradient, through 
a typical boundary is shown in FicurE 2. The gradient-distance 
curve shown in this figure was actually obtained with a 0.5 per cent 
solution of ovalbumin in a 0.02 N sodium acetate-0.08 N sodium 
chloride buffer at pH 3.91. Since the mobility is defined as the dis- 
tance moved per second in a unit electric field by an average particle 
in the body of the protein solution the problem, then, is to locate d 
in such a manner that the boundary displacement, d—-a, when multi- 
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plied by the cross-sectional area, A, of the channel and the protein 
concentration, [P], will yield the same number of grams of protein 
as have simultaneously migrated through some reference plane, o— 
FIGURE 1, in the body of the protein solution. The latter quantity 
of protein, 7. e., (da) A[P], is the quantity that is measured, except 
for a small volume correction to be considered later in this section, in 
a mobility determination by the Hittorf or gravimetric method. In 
order to locate d it is necessary to construct the concentration-distance 
curve shown in FIGURE 3, by integration of the gradient curve, and d 
is then the position of an ordinate, located by trial and error with the 
aid of a planimeter, for which the shaded areas on either side cancel.? 


a d 


Figure 3, 


The ordinate d will be recognized as the position the boundary would 
have if it had descended without loss of its original sharpness. It 
may be recalled* that the e boundary, ricurE 1, is due to gradients 
of buffer salt and not to protein, thereby differing from the § boundary 
which includes both salt and protein gradients. Consequently the 
region above d has been swept free of protein by the current and, 
since the composition of the body of the protein solution remains un- 
changed on electrolysis, the quantity of protein, (d—a)A[P], is 
equal to that which migrates through the reference plane o. Of 
course, this computation is valid only if the transport of protein is 
the result of electrolytic migration and is not complicated by transfer 
due to convective disturbances. 


7 Cf. Tiselius, A. Nova Acta Soc. Sci. Upsala IV. 7 (4): 35. 1930 
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The moving boundary method has been criticized’ because the 
potential gradients acting on the protein molecules in the boundary 
are not known. While this is true the demonstration just completed 
shows clearly that only the value of the gradient in the body of the 
protein solution is required for the mobility computation. Moreover, 
the mobility computed as outlined here corresponds to the pH and 
ionic strength of the protein solution and not to these properties of 
the buffer solution with which the former is in contact at the 
boundary. 

The construction of the concentration curve of ricurE 3 from the 
gradient curve of FicuRE 2 is rather laborious and it has been found, 


da’ 


Ficurn 4. 


for all of the cases to be considered in this paper, that the boundary 
position is given with sufficient accuracy by the ordinate, d’ of 
FIGURE 2, that bisects the area under the gradient curve, 2. e., the level 
in the boundary at which the protein concentration is one half of its 
original value. Also, a complication arises in the computation of the 
mobility of crystalline ovalbumin in the pH interval from 4 to 10 
owing to the presence in this material of two electrically separable 
constituents. This is illustrated by the refractive index gradient 
curve obtained at pH 5.33 and shown in ricurE 4. Since comparison 
is to be made with titration data on ovalbumin of similar complexity, 
a weighted mean mobility of the two components was computed from 
the position of the bisecting ordinate shown at d’ in ricurp 4, for 
example. 


8 Mukherjie, J.N. Proc. Roy. Soc. London A103: 102. 1923. 
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VOLUME CORRECTION 


In the moving boundary method the reference plane, o of FicuRE 1, 
is fixed with respect to the apparatus, whereas in a Hittorf experiment 
it is fixed with respect to the solvent. Consequently a correction, 
usually small, must be applied to the results obtained with the moving 
boundary method for volume changes in the system that cause solvent 
to move through the reference plane. These volume effects, discussed 
elsewhere in more detail,* ® arise in part from the reactions occurring 
at the electrodes. If the correction is not made, one obtains a slightly 
different mobility, if for example, a cadmium anode is used instead 
of a silver anode. 

Due to the lack of adequate density data for the buffer solutions 
used, no correction for the volume changes has been applied to the 
mobilities reported in this paper. Some computations from available 
data indicate that the error thereby introduced does not exceed 1 or 
2 per cent in most instances. When the pH of the solution is within 
a few hundredths of the isoelectric pH, however, a considerable por- 
tion of the observed boundary displacement may be due to volume 
changes in the apparatus. Consequently the precise location of the 
isoelectric pH involves a careful evaluation of the volume correction. 
We are attempting to obtain experimental confirmation of the com- 
puted volume correction with the aid of moving boundary measure- 
ments on raffinose which is, presumably, electrically inert.1° Although 
not completed this work has progressed sufficiently to say that the 
volume correction will not shift the isoelectric pH of ovalbumin at 
0.1 » and 0° from the value of 4.58, observed by both Tiselius and 
Svensson™ and myself, by more than a few hundredths of a pH unit. 


MOBILITIES OF OVALBUMIN 


All of the mobilities have been measured in buffers of 0.1 ionic 
strength and with a protein concentration of about 0.5 per cent. The 
results of the mobility measurements over the pH-stability range of 
ovalbumin are recorded in the third column of Taste 1. The composi- 
tion of the buffers is given in the first column of TABLE 1 and the cor- 
responding pH, at 0° C., in the second column. These solutions are 
not to be considered as buffer standards since no special precautions 
were taken in the preparation of many of the buffer salts for weigh- 
ing. The values of all buffers below pH 9 were determined at room 

® MacInnes, D. A., & Longsworth, L.G. Chem. Rev.11:171. 1932. 


10 Washburn, E. W. Jour. Am. Chem. Soc. 31: 322. 1909. 
u Tiselius, A., & Svensson, H. Trans. Faraday Soc. 36:16. 1940. 
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TaBiE 1 


MosItitizs oF OVALBUMIN AT 0° C. In Burrer SoLuTions or ConsTANT 
Ionic Streneru 0.1 


1 i 2 3 4 5 

Buffer pH u X 105] e X 10! e/u 

0.1 N HCl-0.5 N glycine 3.05 6.25 5.30 8.48 
0.02 N NaAc*-0.2 N HAc-0.08 N NaCl 3.62 3.89 3.39 8.71 
0.02 N NaAc-0.1 N HAc-0.08 N NaCl 3.91 2.79 2.34 8.39 
0.1 N NaAc-0.2 N HAc 4.34 1.10 0.82 7.45 
0.1 N NaAc-0.15 N HAc 4.47 0.51 0.37 7.25 
0.1 N NaAc-0.1 N HAc 4.64 |—0.20 |—0.15 7.50 
0.1 N NaAc-0.02 N HAc 5.383 |—2.82 |—1.99 7.06 
0.1 N NaAc-0.01 N HAc 5.65 |—3.58 |—2.52 7.14 
0.02 N NaCact-0.02 N HCac-0.08 N NaCl} 6.12 |—4.46 |—3.11 6.97 
0.02 N NaCac-0.004 N HCac-0.08 N NaCl} 6.79 |—5.16 |—3.60 6.98 
0.02 N NaVi-0.02 N HV-0.08 N NaCl 7.83 |—5.92 |—4.04 6.82 
0.1 N NaOH-0.2 N glycine 10.28 |—6.21 |—4.86 7.83 
0.1 N NaOH-0.125 N glycine 10.88 |—7.00 |—5.69 8.13 
0.1 N NaOH-0.1 N glycine 11.81 |—9.31 |—7.50 8.05 
Mean 7.63 

Average deviation, % 7.2 

* Ac—acetate. 
+ Cac—cacodylate. 


t V—diethyl barbiturate. 


temperature with a glass electrode standardized against 0.05 M potas- 
sium acid phthalate as pH 4.00. The correction of the pH values of 
these buffers to 0° was assumed to be negligible. The pH values of 
the glycine-sodium hydroxide buffers were interpolated from the data 
of Sgrensen? extrapolated to 0° C. In no case did the pH and ionic 
strength of the protein solution differ significantly from the corre- 
sponding properties of the buffer solution used as solvent. 

It may be noted that all of the buffer solutions listed in Tabi 1 
contain only monovalent ions. Some measurements have also been 
made in buffer solutions of the same ionic strength prepared from 
different salts and the results are given in TABLE 2. In this table the 
third column contains the directly measured mobility in the buffer 
solvent listed in the first column. In the fourth column are given 
mobilities interpolated from the data of TasLm 1 and a comparison 
of these with the directly observed values indicates that substitution, 


12 Internationa] Critical Tables. McGraw-Hill Book Co., Inc. 1: 83. 1926. 
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TABLE 2 


Sprciric Errscrs or Burrer Ions on THE Mosiuity oF OVALBUMIN 


1 2 3 4 5 
u X 10° 

Buffer pH jw X 10*|interpo-| Differ- 

obs’d | lated* | ence, % 
0.1 N NaAc-0.5 N HAc 3.92 2.75 2.75 0 
0.02 N NaCac-0.1 N HCac-0.08 N NaCl 5.42 |—38.07 |—3.05 6 
0.0833 M NaH,PO.-0.0055 M Na,HPO, 5.59 |—4.40 |—3.42 28.6 
0.08 N NaCl 6.10 |—4.71 |—4.42 . 6.6 
0.0625 M NaH,PO,<0.0125 M Na,HPO, 6.12 |—4.94 |—4.46 10.8 
0.09 N NaCl : 6.71 |—5.46 |—5.10 fe 
0.025 M NaH.PO,-0.025 M Na,HPO, 6.80 |—5.92 |—5.17 14.5 
0.1 N HCL0.1 N glycinet 1.78 a 1.8 

0.02 N HCI-0.08 N NaClt Wl lids 7.70 


*TInterpolated from data of TABLE 1. 
+ Ovalbumin denatured in these buffers. 


at constant pH and ionic strength, of one monovalent buffer salt for 
another, or of the neutral salt, sodium chloride, does not result in 
appreciable changes of mobility. On the other hand the change from 
a univalent buffer salt mixture to one containing the divalent HPO.= 
ion has a decided effect on the mobilities. The results obtained with 
the last two buffers of TaBLE 2 cannot be compared with the data of 
TABLE 1 since the pH values are below the stability range of ovalbumin. 
Here again, however, a considerable alteration in the composition 
of the monovalent buffers, at constant pH and ionic strength, produces 


only a slight change in the mobility of the resulting denatured oval- 
bumin. 


TITRATION CURVE AND COMPARISON WITH THE 
MOBILITY DATA 


Professor R. K. Cannan of the Chemistry Department of the New 
York University College of Medicine very kindly furnished me, in 
advance of its publication,? data from which the titration curve of 
ovalbumin at 0° C. and an ionic strength of 0.1 could be constructed. 
Most of the data were obtained by him at 25° C. but enough measure- 


13 Cannan, R. K., Kibrick, A., & Palmer, A.H. Ann. N. Y. Acad. Sci. 41: 243. 1941 
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ments were made at 4° C. to demonstrate that the temperature co- 
_ efficient of the acid portion of the curve is similar to that of the acetate 
system while that of the basic portion agrees well with the temperature 


Mobility xX 105 


2 
4 

=6 
8 

-10 


11 12 


10 


pH —0°C 
Figure 5. 


Equivalents of acid X 10'/gram ovalbumin 


coefficient of the glycine-sodium hydroxide system. Consequently, in 
plotting the titration curve of ricurs 5, I have made the same tempera- 
ture corrections for pH as in the case of the buffers of rary 1. In 
this figure the pH values are plotted as abscissae and the number of 
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equivalents, e,4 of acid bound per gram of protein as ordinates, this 
scale being shifted so that e=0 at pH 4.58, the isoelectric point of 
ovalbumin at »=0.1. This empirical adjustment of the titration 
curve is necessary if e is to measure the net charge on the protein. 
This appears to make allowance for ions other than hydrogen that 
may be combined with the protein at pH values near the isoelectric 
point. Using the ordinate scale given on the right hand side of 
FIGURE 5 the mobilities of TABLE 1 are indicated by the circles, and it 
will be seen that these parallel the titration curve rather closely. 
The constancy of the proportionality between the mobility and the 
number of equivalents of acid bound by the protein may be deter- 
mined as follows. Values of e were interpolated from the titration 
curve for the pH values listed in TaBLE 1 and are recorded in the 
fourth column of that table. From these data and the corresponding 
mobilities, values of the proportionality constant, e/u, were computed 
and are recorded in the last column of Taste 1. The average devia- 
tion of this ratio from the mean value of 7.63 is 7.2 per cent and, 
although this exceeds the apparent experimental error of either the 
mobility or titration values, the ratio is sufficiently constant to war- 
rant the conclusion that, except for minor secondary effects, the mo- 
bility of ovalbumin is proportional to the number of equivalents of 
acid bound by the protein at constant ionic strength at any pH within 
its stability range. 

Since a proportionality between the mobility and the acid bound 
by the protein would be expected only if the friction coefficient of the 
latter were independent of the pH, it appeared desirable to obtain 
additional evidence on this point. This coefficient may be derived 
from diffusion measurements and these have been made, as will be 
described in the following section, at the same temperature and in 
the same buffer solutions as the mobility determinations. 


DIFFUSION MEASUREMENTS 


The schlieren scanning method used in our electrophoresis work 
is also adapted for recording the refractive index gradients that arise 
in the diffusion of proteins. Moreover, acting upon a suggestion of 
Dr. D. A. MacInnes of these Laboratories, the standard Tiselius elec- 
trophoresis cell has proved to be satisfactory for diffusion measure- 
ments. In practice, boundaries are formed initially in the two sides 

“It may be noted that e, as defined here, is related to the quantity h used by Cannan, 


Kibrick, and Palmer!* by the relation h = Me. In this equation M is the molecular 
weight of the protein, taken as 45,000 in the case of ovalbumin. 
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of the channel and are shifted into view from behind the opaque 
horizontal plates of the cell as in an electrophoresis experiment. The 
center sections of the cell are then isolated by displacement to one 
side and diffusion patterns, 7. e., schlieren scanning photographs of 
the refractive index gradients, are obtained at intervals until the 
diffusion process has approached the closed ends of the sections. For 
the 1.4 per cent protein solutions used in this work the time required 
is four or five days at the thermostat temperature of 0° C. In order 
to avoid monopolizing our equipment for this period with a single 
determination it has proved practicable to have several diffusion ex- 
periments, together with an electrophoresis measurement, proceeding 
simultaneously. The diffusion cells are supported in the thermostat 
in such a manner that they can be successively moved into the focus 
of the camera without disturbing the diffusion process. Zero time for 
the diffusion is taken as the time at which the boundaries are formed. 
Values of the diffusion coefficient computed on this basis do not 
exhibit a drift with time, from which it seems reasonable to conclude 
that the process whereby the boundaries are shifted into view does not 
disturb the diffusion. Moreover, diffusion patterns obtained immedi- 
ately before and after the movement of the cell into and out of the 
camera focus indicate no disturbances from this source. 

The use of the electrophoresis cell as a diffusion cell yields diffusion 
patterns in duplicate since boundaries are present in both sides of the 
channel. One method for utilizing these patterns for the computa- 
tion of the diffusion coefficient is shown in FicuRE 6. In the case of 
ideal diffusion the maximum value of the refractive index gradient, 


4 , varies inversely as the square root of the time, t, according 


to the relation’® (2) = An/\V4rDt, in which D is the diffusion 


coefficient and An is the refractive index increment. Hence a series 
of ordinates are drawn on a sheet of coordinate paper at values of 
the abscissae equal to the reciprocals of the square roots of the times 
at which patterns were obtained. An enlarged image of the pattern 
is then traced on the paper after the position of the latter has been 
shifted to bring the base line of the pattern into coincidence with the 
axis of abscissae and the proper ordinate passes through the maximum 
value of the gradient. If diffusion has been normal these maxima 
fall, as illustrated in ricurE 6, on a straight line passing through the 
origin. The diffusion coefficient is then computed from the slope, m, 


1sLamm, 0. Nova Acta Soc. Sci. Upsala IV. 10 (6). 1937, 
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of this line and the areas under the curves, the latter being propor- 

tional to the refractive index increment An, according to the formula 

p= x any The areas, A, under each of the curves are indicated 
c\ m 


= 
So 


0.4 


0.8 


1.2 


1.6 


2.8 2.4 2.0 
100/+/t 
Figure 6. 


3.2 


3.6 


= 
<i 


in FIGURE 6 and it will be noted that they are essentially constant as 
required by the simple theory.15 

The diffusion coefficients of ovalbumin at 0° C., determined as out- 
lined above, are recorded in Taste 3. The composition of the buffers 
and their pH values are given in the first and second columns, respec- 
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tively. The relative viscosities of these buffers were also measured 
at 0° C. and are recorded in the third column of the table. In columns 
4 and 5 are given values of the diffusion coefficients, corrected for the 
viscosity of the buffer solution used as solvent, as obtained from the 
two sides of the channel respectively. The last column contains the 
averaged values of the corrected diffusion coefficient. It may be noted 
that at each pH within the stability range the average fluctuation of 
the individual values is about 2 per cent whereas the variation of 
the averaged values with the pH is somewhat greater, about 4 per cent, 
and shows a regular increase with increasing pH. If additional dif- 


TABLE 3 


Dirrusion Corrricrents or OVALBUMIN aT 0° C. 
a  — — ———————— 


1 2 3 4 5 6 
Dn 
Solvent pH n | Dn X 10°| Dn X 107 |(average) 
20% 
0.1 N HCL0.1 N glycine UW fal Oe (2.70—|-31. 90) t — 
0.1 N HCI-0.2 N glycine 2.43*|1.012 | 3.82 3.75 3.785 
0.1 N HCL0.5 N glycine 3.05 |1.041 3.88 4.04 3.96 
0.1 N NaAc-0.1 N HAc 4.64 |1.045 3.96 4.02 3.99 
0.02 N NaV-0.02 N HV-0.08 N 
NaCl 7.83 |1.019 | 4.14 4.09 4.115 
0.1 N NaOH-0.1 N glycine 11.81 |1.028 | 4.10 4.17 4.135 
0.1 N NaOH-0.075 N glycine ef ad (a (2.78—|—>2.. 12) — 


* Denaturation occurred during diffusion. 
+ Observed values in both channels decreased during period of observation as indicated. 


fusion measurements on ovalbumin, or a recomputation of the present 
results using properties of the refractive index gradient curves other 
than the area and maximum ordinate should confirm the small in- 
crease in the diffusion coefficient with pH observed in this research 
it would indicate a slight consolidation of the molecule as it loses 
some fifty-eight protons in the transition from pH 3.0 to pH 12.0. 
However, since the variation with pH is but slightly greater than the 
probable error of the measurements, this variation will be neglected 
in the computation, to be considered later in this paper, of a value for 
the ratio, e/u, with the aid of the Debye-Hiickel-Henry theory. 
Although the diffusion measurements of Polson!® were made at 
20° C. it is of interest to note that his value for a 1.4 per cent solution 


10 Polson, A. Kolloid Zeit. 87; 149. 1939. 
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of ovalbumin at pH 4.64 is 4.00 x 10-7 when corrected to 0° C. with 


the aid of the relation Dp = Dao 2G 28 
293 10 


with the value, 3.99 X 10-7, reported in TABLE 3 for the same pH and 
protein concentration. 


This is in good agreement 


COMPUTATION OF e/u 


The theory required for the computation of a value for e/w may be 
reviewed briefly as follows. An isolated particle carrying a charge, 
q, in a dielectric medium very quickly attains a constant velocity, v, 
when an external field of strength, F, is applied. This velocity is 
proportional to the charge and to the field strength, 7. e., 


: PF 
v=—q 
f 
in which the factor of proportionality, 1/f, is the reciprocal of the 
friction coefficient, f, of the particle. The velocity in unit field, 7. e., 
v/F, is the mobility, u, so that 
qd : 
u=—. (1) 
a 
In an actual mobility determination, however, the particle is not 
isolated but is surrounded by an ion atmosphere. The effects of this 
atmosphere are (1) to screen the particle from the full effect of the 
external electric field and (2) to modify the viscous flow of solvent 
past the moving particle. Both effects depend upon the ionic strength 
of the solution. The screening effect was computed by Debye and 


Hiickel1? to be 
1+ xa 


tance of closest approach of the ions of the atmosphere to the particle 
and x is the reciprocal of the “thickness” of the ion atmosphere. The 
flow modification, also for a spherical particle, was computed by 
Henry*® to be a function, » (xa), which becomes 1 for small values of 
xa and 3/2 for large values of this product. For spherical particles 
dissolved in a solution of finite ionic strength equation 1 thus becomes 


for a spherical particle, in which a is the dis- 


amt a ag (2) 


The friction coefficient, f, is given by the relation 


7 Debye, P., & Hiickel, E. Physik. Zeit. 24: 305. 1923. 
1% Henry, D.C, Proc. Roy. Soc, London A183: 106, 1931, 
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ai Bi 
in which k is the molecular gas constant and 7’ the absolute tempera- 
ture. Substitution of this value of f in equation 1 gives 


a relation that is valid at zero ionic strength quite independently 
of the shape of the particle. At finite ionic strength, however, equa- 
tion 2 must be employed and the factors in that expression correcting 
for the effect of the ion atmosphere have been evaluated in sufficient 
detail only for spherical particles. Hence it is necessary at this stage 
in the development to introduce the approximation that the particles 
are spherical and obey Stokes’ law, 2. e., 


f = 6ryr (3) 


in which 7 is the viscosity of the medium and r the distance from the 
center of the particle at which solvent slippage begins. Elimination 
of f between equations 2 and 3 then gives 


qd 9(ka) 
uU= Fy 
6xnr 1 + Ka 


If the acid bound by the particle at a given pH is combined strictly 
as hydrogen ion 


(4) 


qg=eMe 


in which M is the molecular weight of the substance and « is the elec- 
tronic charge. Consequently 


M 
im eMe (xa) (5) 
6xyr 1 + ka 
and 
6nyr 1 + 
elu = = ea a) (6) 
Me (xa) 


In computing with equation 6 for the case in question, 7. €., »=0.1 
and 0° C., M for ovalbumin has been taken as 45,0001 and a has been 
taken as equal to r= kT'/6rnD = 27.8 A. On this basis e/u = 4.60, 
a value differing by 40 per cent from the experimentally determined 
figure of 7.63. Alternatively, one can compute a molecular weight 
from the experimental value of e/u with the aid of equation 6 and 
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obtain M = 27,200, a value that cannot be reconciled with the results 
of other methods of determining this constant. The conclusion must 
be drawn, therefore, that although a proportionality exists between 
the mobility and the amount of acid bound by the protein at a given 
pH the proportionality constant does not agree with that given by 
the theory outlined here. 


DISCUSSION 


Several explanations for the discrepancy between the observed and 
computed values of e/w have been suggested. Gorin?® has made some 
computations of (1) the effect of the finite size of the ions of the 
atmosphere upon the screening factor and (2) the effect of deviations 
from a spherical shape upon both the screening factor and the flow 
modification. Gorin’s correction for the finite size of the electrolyte 
ions does not appear to be very significant at the ionic strength used 
in this research. The shape of the particle, on the other hand, is 
important,—an ellipsoid undoubtedly having a lower mobility than 
a sphere of the same volume and charge. Although the use of a 
radius computed from the diffusion coefficient corrects for deviations 


from a spherical shape at zero ionic strength, the term, eae tee ; 


Ka 
in equation 5 reduces the limiting mobility by a factor of 0.285 at the 
ionic strength of 0.1 used in this research and this term is valid only 
for spherical particles. 

Other possible explanations for the discrepancy are (1) that a por- 
tion of the acid bound by the protein is in the undissociated form and 
(2) that the protein forms weak, 7. e., incompletely dissociated, salts 
with the buffer ions. As a matter of fact Tiselius and Svensson’ 
criticize the use of titration data for computing the charge on the 
protein because of these possibilities. They obtained excellent agree- 
ment with the theory outlined above in their study of the variation 
of the mobility of ovalbumin with ionic strength at the constant pH 
of 7.10 using Adair and Adair’s?® membrane potential measurements 
to compute the charge. It is of interest in this connection to compare 
the charge on ovalbumin at pH 7.10, as a function of the ionic strength, 
as obtained from the membrane potentials of Adair and Adair in 
sodium phosphate buffers with that obtained from the titration data 
of Cannan, Kibrick, and Palmer’? in the presence of potassium 
chloride. The values are recorded in Taste 4. In computing the 


” Abramson, H. A., Gorin, M. H., & Moyer, L. 8. Chem. Rev. 24:345. 1939. 
» Adair, G. S., & Adair, M.E. Trans. Faraday Soc. 36:23. 1940. 
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TABLE 4 


Tur VALENCE oF OVALBUMIN (M = 45,000) ar PH 7.10 AND DIFFERENT 
Tonic STRENGTHS 


1 2 3 4 
Valence from mem-| Valence from ti- 

Be brane potentials tration curve Difference 
0.01 —12.0 —13.8 1.8 
0.02 —12.6 —14.7 2.1 
0.05 —13.1 —16.0 2.9 
0.2 —15.1 —19.1 4.0 


pee 2 ee en 


valence from the titration data, column 3, the shift in the isoelectric 
point with ionic strength, as measured by Tiselius and Svensson, was 
taken into account. It will be noted that the valences estimated from 
the titration data are greater than those computed from the membrane 
potentials and that the differences, column 4, increase with increasing 
ionic strength. These differences are in agreement, if the influence 
of the protein upon the activity coefficients of the buffer ions is neg- 
lected, with Dr. Steinhardt’s point of view”! that the protein forms 
weak salts with potassium and sodium ions, in addition to hydrogen 
ions, on the alkaline side of the isoelectric point. 

The author does not feel, however, that the results of Tiselius and 
Svensson establish the validity of either the theory reviewed here 
or the use of membrane potentials for the computation of the charge. 
These investigators used phosphate buffers and the specific effects of 
these buffers have already been noted in connection with TABLE 2. 
Their experimental confirmation of a theory developed for spherical 


_ particles would seem to imply that the ovalbumin molecule is spherical, 


and yet other evidence” exists that it is not. Finally, the work of 
Hitchcock2? and Failey®‘ indicates that the protein does alter the 
activity coefficients of the buffer ions and this effect should be con- 
sidered in computing the charge on the protein from either membrane 
potentials or titration data. 


2 Steinhardt, J. Ann. N. Y. Acad. Sci. 41: 287. 1941. 
2 Neurath, H. Jour. Am. Chem. Soc. 61: 1841. 1939. 
23 Hitchcock, D. I. Jour. Gen. Physiol. 16: 357. 1932-33. 
24 Failey, C.F. Jour. Am. Chem, Soc. 54: 2367. 1932. 
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OBSERVATIONS ON OVALBUMIN OUTSIDE OF ITS 
STABILITY RANGE 

Although only a few observations on ovalbumin outside of its pH 
stability range have been made by the author, these were sufficient 
to suggest that the electrophoretic method could be used to advantage 
in a study of the denaturation process. At the suggestion of Dr. A. 
E. Mirsky of the Hospital of The Rockefeller Institute, insolubility 
in dilute buffers at pH 4.6 has been taken as the criterion for denatured 
ovalbumin. Portions of each of the ovalbumin solutions used in 
mobility or diffusion measurements were tested for denaturation and 
it is significant that the appearance of even a slight precipitate on 
bringing the sample to pH 4.6 invariably coincided with some ab- 
normality in the diffusion and electrophoretic patterns. The effect 
of progressive denaturation on the apparent diffusion coefficient has 
already been noted in TaBLE 3. Some of the abnormalities in the 
electrophoretic patterns are illustrated in FicuRES 7 and 8 and these 
will now be considered. 

The patterns in FIGURE 7a were obtained in a 0.1 N NaOH-0.075 N 
glycine buffer at pH 12.81 after dialysis of the ovalbumin for 72 
hours. The patterns of riguRE 7b were obtained under similar condi- 
tions except that the protein was dialyzed for only 8 hours prior to 
electrophoresis. In both cases the symmetry between the patterns for 
the rising and descending boundaries is reasonably good and both 
patterns yield a mobility of — 10.3 * 10-5 for the fast component 
and — 7.45 X 10-5 for the slow component. The relative amount of 
the fast component is much greater, however, in the sample that had 
been exposed to the alkaline buffer for 8 hours than in the sample 
exposed for 72 hours. This suggests that the fast component may 
be the native protein and the slow component some form of denatured 
ovalbumin. The large mobility difference between the two forms 
found in this instance is in contrast with the observation that com- 
pletely heat, or acid, denatured ovalbumin has mobilities at pH 6.80 
and 10.28 but slightly less than the native form and appears to be 
quite homogeneous electrically. : 

The patterns of ricurr 8 were obtained in a 0.1 N HClI0.2 N 
glycine buffer at pH 2.44 and the rising and descending boundaries 
are very far from being mirror images of each other. Asymmetries 
of this type have not yet been explained. The correct interpretation 
of these electrophoretic patterns, obtained with protein systems in 
which denaturation is occurring, is of considerable importance and 
will doubtless contribute to our knowledge of the factors determining 
the stability of proteins. 
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PARTICIPATION OF ANIONS IN THE 
COMBINATION OF PROTEINS 
WITH ACIDS 


By Jacinto STEINHARDT 


From the Research Laboratory of the Textile Foundation at the 
National Bureau of Standards 


By. making use of a number of special advantages offered by the 
insoluble protein, wool keratin, it has proved possible to study in detail 
a number of hitherto obscure phenomena which are closely related 
to the amphoteric properties of proteins. Although, as shall be shown 
presently, most of the phenomena to be described are probably not 
restricted to wool, this insoluble material of doubtful chemical in- 
dividuality is especially well suited for an investigation of the equi- 
libria involved, essentially free of extraneous complications. Thus, 
(a) because wool is insoluble the amounts of acid and base with which 
it combines can be determined by direct titration of the solutions in 
which it is immersed, and no assumptions as to relations between 
activity end concentration need be made in calculating the amounts 
bound; and (b) because wool has almost exactly equivalent numbers 
of amino and carboxyl groups and only a very small content of histi- 
dine, the titration curve with acid is unusually simple, being deter- 
mined by the properties of the carboxyl groups (and amino groups) 
as a whole and not by an indeterminate fraction of them. The an- 
alysis of the results obtained is thereby greatly facilitated, (c) unlike 
most native proteins, the state of wool is not affected by exposure 
to acid in the pH range which is usually investigated. When proper 
precautions are taken the acid titration curve represents a strictly 
reversible phenomenon, and may be justifiably analyzed in terms of 
equilibrium equations, (d) the effects of salt on the titration curve 
of wool are especially large and obey a particularly simple law, as has 
been shown elsewhere.t 

Largely as the result of simplifications which were made possible 
by the first three properties just described, progress has been made 
toward understanding the fourth, and this in turn has led to the 
analysis of specific anion effects described in the present paper. 


1 Steinhardt, J., & Harris, M. Jour. Research Nat. Bur. Standards 24: 335, 1940. 
RP1286. 
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Evidence has been presented in two previous papers in support of 
the view that the combination of wool with hydrochloric acid may 
be resolved into two partial reactions, one with hydrogen ions and 
one with chloride ions, and that each reaction is governed by its own 
equilibrium constant. 2 On the basis of this assumption and ap- 
plication of the law of mass-action to the association of both hydrogen 
ions and chloride ions with the protein, it proved possible to account 
quantitatively for the large effects produced by various concentrations 
of potassium chloride on the curve relating combination of the protein 
with hydrochloric acid to pH. Among other consequences of this 
view was a strong possibility that the specific affinities for wool of the 
anions of different acids might vary considerably and that therefore 
the position of the titration curve of this and other proteins with 
respect to the pH axis might vary by correspondingly large amounts, 
according to the acid used. The existence of such a variation in the 
positions of titration curves would constitute critical evidence in sup- 
port of the hypothesis of stoichiometric anion association, since alter- 
native analyses of the salt effect, previously considered, such as those 
based upon the Donnan membrane equilibrium equations,’ offer no 
obvious basis for the prediction of such an effect, nor for its corollary, 
combination to unequal extents with each of two or more anions 
present in mixtures. 

The present paper describes measurements of the combination of 
wool with nineteen different acids, ranging in familiarity and com- 
plexity from some of the mineral acids most commonly used in the 
laboratory through the simpler aromatic sulfonic, carboxylic, and 
phenolic acids to a soluble mono-azo acid dye. It is shown that very 
wide differences do indeed exist between the positions on a pH grid 
of the titration curves of the same protein obtained with different 
strong acids and that these differences may be ascribed to wide varia- 
tions in the anion dissociation constants characterizing the correspond- 
ing protein-anion combinations. The quantitative aspects of these 
differences are shown to be in full agreement with generalizations of 
the equations already presented to take into account the effects ob- 
tained with chloride ions alone. Predictions as to the effects of 
variations of anion concentration and of temperature, based upon 
these equations, have been tested and confirmed in detail. As a result 
it has proved possible to establish a quantitative measure of the 
relative affinities of the anions of various strong acids for proteins 


2 Steinhardt, J., Fugitt, C. H., & Harris, M. Jour. Research Nat. Bur. Standards 25: 
519. 1940. RP1343. 
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on the basis of a small number of measurements of acid combined 
and pH. 

In order to demonstrate that the existence of differences in affinity 
between the ions of different acids is in no way restricted to wool, or 
even to the insoluble class of proteins for which the theory of anion- 
association was specifically proposed,1 measurements of the combina- 
tion of a number of the same acids with the most familiar and well- 
characterized of the soluble proteins, crystalline egg albumin, have 
also been made. Since comparable differences in the positions, with 
respect to the pH coordinate, of the titration curves obtained with 
different acids are found with both proteins, it is clear that the 
hypothesis of anion association is relevant to both. Thus current 
interpretations of the titration curves of proteins, soluble as well as 
insoluble,?® and of all the colligative phenomena which depend on 
the combination of protein with acid or base, may require enlargement. 

The acids employed in the present research were selected from 
among those commercially available, or those most easily prepared, 
with the purpose of obtaining data which could be simply calculated 
and interpreted in terms of molecular size, chemical structure, and 
the effects of specific substituents. For this reason most of the results 
reported in the present paper have been obtained with acids which 
are monobasic and virtually totally dissociated in water. A limited 
number of weak acids which are analogues of some of the strong 
acids used (e. g., benzoic acid is analogous with benzenesulfonic acid 
in the sense used here) have been included for the specific purpose of 
examining the effects of this analogy.7° Likewise it has not been 
possible to exclude dibasic acids entirely in experiments designed to 
determine the effect of certain substituents which undergo partial 
acidic dissociation in the pH range investigated, but an effort has been 
made to exclude dibasic acids, such as sulfuric acid and many of the 


3 Cohn, E. J., Green, A. A., & Blanchard, H. H. Jour. Am. Chem, Soc. 59: 509. 1937. 

‘ Hitchcock, D.I. Cold Spring Harbor Symp. Quant. Biol. 6: 24, 1939. 

s Hitchcock, D. I. in Schmidt, C. L. A., ‘‘ Chemistry of the Amino Acids and Proteins” 
p. 596. Charles C. Thomas, Springfield, Illinois. 1938. 

¢ Kekwick, R. A., & Cannan, R.K. Biochem. Jour. 30: 227. 1936. 

7Loeb, J. ‘Proteins and the Theory of Colloidal Behavior.” McGraw Hill, New York 


1922, 
8 Schmidt, C. L. A. in ‘Chemistry of the Amino Acids and Proteins.” p. 720. Charles 


©. Thomas, Springfield, I]. 1938. 

° Speakman, J. B., & Stott, E. Trans. Faraday Soc. 31: 539. 1934; Trans. Faraday 
Soc. 31: 1425. 1935. 

10 Extensive results obtained with a comparable number of weak acids are not reported 
here. Work stil in progress shows that no fundamental modification of the views ex- 
pressed in this paper are required by the data obtained with weak acids, although a 
complete analysis of the latter results involves a number of additional factors. Steinhardt, 
J., & Harris, M. Proc. Am. Soc. Biological Chemists, Jour. Bio]. Chem. 134: xcvii. 1940. 
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disulfonic acids, in which the second dissociation constant is so large 
as to make difficult a distinction between combination of the wool 
with singly and doubly charged anions. An effort was also made to 
include organic acids with all of the more common dissociating groups. 
Since strong acids containing phenolic or carboxylic radicals as dis- 
sociating groups can only be obtained by loading with substituents 
such as halogens or nitro groups, other related acids have been included 
in order to make possible an independent appraisal of the effect of 
various substituent groups, and of more strictly physical factors such 
as the size and shape of the anion produced. 


EXPERIMENTAL PROCEDURE 


The methods employed in this series of investigations have been 
described elsewhere.» ? 14 


RESULTS AND DISCUSSION 
Results Obtained in the Absence of Salts 


The results obtained with sixteen different strong acids in the 
absence of salt at 0° C. are assembled in ricurn 1. In drawing the 
curves an effort has been made to represent the measurements fairly 
with continuous curves rather than to preserve the homogeneity of 
appearance of the data. For this reason certain neighboring curves 
show a tendency to cross or to converge in certain limited regions. 
In most cases the tendency is not larger than can be accounted for by 
experimental error, or by the uncertainties inherent, especially with 
acids of high affinity, in the application of a small correction for 
alkaline ash.1?7 In measurements with a number of acids, the reversi- 
bility of the combination has been tested by subjecting the fibers to 
prolonged washing, by replacement of the combined anions on im- 
mersing the fibers in solutions of other anions having higher affinities, 
and by approaching the equilibrium from both sides. 

The most noticeable feature of the data assembled in Figure 1 is 
the wide range of positions with respect to the pH coordinate which 
the titration curves occupy. It is also apparent that, except for the 
minor deviations noted above, the curves form a coherent family, 
near neighbors following fairly parallel courses. The change in the 


11 Steinhardt, J., Fugitt, C. H., & Harris, M. Jour. Research Nat. Bur. Standards 26: 
293. 1941. R.P.1377. 


2 Sookne, A., Fugitt, C. H., & Steinhardt, J. Jour. Research Nat. Bur. Standards 
25:61. 1940. RP1314. 
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Figure 1. Combination of wool protein with sixteen different strong acids as a function 


of pH at 0° C. mi ] 5 
The measurements with flavianic acid are represented in milli-equivalents instead of 


millimoles. Points representing the combination of less than 0.14 millimole per g of three 
acids (p-toluenesulfonic, o-xylene-p-sulfonic, and o-nitrobenzenesulfonic) would fall at lower 
pH values than are required for congruence with the curves for the other acids, and have 
been omitted to avoid confusing the figure. Data for the two dibasic acids, flavianic and 
trinitroresorcinol, are only partially represented, as explained elsewhere. 

Tables of the data included in ricurss 1, 4, 5, 6, 7, 8 are published elsewhere. (Jour. 


Research Nat. Bur. Standards 26: 293. 1941.) 
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slopes of the lower portions of the curves, from the more sharply 
inflected curve for hydrochloric and ethylsulfuric acids at one end 
of the pH range to the least sharply inflected curves for picrie and 
flavianic acids at the other end, tends to be gradual and progressive. 
The appearance of the curves as a group is entirely consistent with the 
view that they all describe analogous phenomena. 

It is a familiar fact that the position on a pH grid of the titration 
curve of the common weak bases is determined by their own dissocia- 
tion constants, and not by the dissociation constant or by other chemi- 
cal properties of the acid employed in the titration. Sets of titration 
curves of the same base obtained in dilute solutions with any number 
of different acids, weak or strong, are expected to be practically 
superimposed on one another. Exceptions arise, as in the work of 
Cannan and Kibrick!® and of Greenwald!* 15 with carboxylic acids 
and phosphates, when the compound formed by the reaction of the 
base with certain acids is not typically salt-like and does not exist 
in solution predominantly in the dissociated form. This ex- 
ception finds its counterpart, in the case of ampholytes, in the forma- 
tion of only partially dissociated stoichiometric complexes between 
the anions of the acids and the ampholyte which has combined with 
hydrogen ions. When these are formed, the position of the titration 
curves, and to a lesser extent their shapes, will differ according to the 
extent to which the anion is dissociated.1 An equation which, within 
certain special restrictions, shows the dependence on Ky’, the anion 
dissociation constant, of the amounts of acid combined at any con- 
centration of acid (or of hydrogen ions and of the conjugate anions) 
has already been given.t 

The wide range of the measurements represented in Fr1GURE 1 serves 
to emphasize the very large differences which may be found when 
different acids are used. If the position of each curve is characterized 
by the pH value at which half the maximum amount of acid (about 
0.4 millimole per gram) is taken up, there is a difference of almost 
2 pH units between the curves shown at the extremes of the series; 
even wider differences between titration curves obtained with other 
acids at higher temperatures have been found. Between these ex- 
tremes, the results obtained with the other acids represented are dis- 
tributed with a fair degree of uniformity, with no evident tendency 
for many to resemble closely the results obtained with hydrochloric 


1s Cannan, R. K., & Kibrick, A. Jour. Am. Chem, Soc. 60: 2314. 1938. 
“4 Greenwald, I. Jour. Biol. Chem. 124: 437. 1938. 
1s Greenwald, I., Redish, J., & Kibrick, A.C. Jour. Biol. Chem. 135:65. 1940. 
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acid, hitherto most widely used in measuring the acid-combining 
properties of proteins.'¢ 

Attention must also be directed to another prominent feature of 
many of the sets of data represented in the figure. This is the com- 
bination of amounts of acid in excess of 0.82 millimole per g, the 
amount reported as the maximum in the work with hydrochloric acid. 
It was earlier pointed out that this “maximum” of 0.82 millimole 
per g was sometimes exceeded slightly when high concentrations of 
hydrochloric acid (> 0.2 M) were used. Measurements of acid com- 
bined are susceptible to a relatively large experimental error when 
such high concentrations of acid are present, because (a) only a small 
proportion of the acid initially present is combined, (b) some acid 
hydrolysis of the protein cannot be avoided, and (c) exchanges of 
water between the partially hydrated fibers and the solutions, difficult 
to evaluate exactly, have a relatively large influence on the results 
obtained. For these reasons relatively little weight was placed on 
these measurements, although they were consistent with the results of 
similar determinations on bone and hide collagen,* and might be 
accounted for by the presence in proteins of extremely feeble basic 
groups, such as the amide groups of glutamine and asparagine, and 
the large content of peptide nitrogen. Special interest, therefore, 
attaches to the finding that in every case in which sufficiently high 
concentrations of other acids are used, a second step in the curve of 
acid combination apparently begins at pH values more acid than 
those at which the curve that covers the usually investigated range 
of combination flattens. Since this fairly well-marked “maximum” 
of about 0.82 millimole per g has been shown to correspond closely to 
the primary amino content of the fibers, the additional uptake of 
acid in more concentrated solutions must therefore be accounted for 
by reaction with the more weakly basic groups, undissociated in 
the fiber because they are too weak to act as proton acceptors 
toward carboxyl groups, or else to combination by means of entirely 
different mechanisms. 

The displacement of the pH range in which the excess combination 
with most of the acid is found removes much of the uncertainty at- 
tending the earlier observation of similar excess combination with 
hydrochloric acid. All three of the possible sources of experimental 
error mentioned above are reduced or eliminated, since the propor- 

16 Comparable differences between the titration curves of wool with hydrochloric and 


with picric acids were found by Eléd, E., Trans. Faraday Soc. 29: 377. 1933. 
17 Beek, J., Jr. Jour. Research Nat. Bur. Standards 14: 217. 1935. RP765; 21: 117. 


1938. RP1119. 
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tion of the total amount of acid initially present which is combined 
is then much larger. In addition, the excess found in concentrated 
solutions (1.03 — 0.82 = 0.21 in the case of naphthalenesulfonic acid) 
is far outside the limits of experimental error or of the range of effects 
on concentration due to exchange of water between fibers and solution. 

Although the scatter of the points representing the combination of 
more than 0.8 millimole per g is considerable, the portions of the curves 
which represent the second step of acid combination appear to run 
parallel to one another to about the same extent as do the main curves 
at higher pH values. The displacements of the curves thus appear 
to correspond, qualitatively at least, to the similar displacements of 
the parts of the curves which represent the combination of the first 
0.82 millimole per g. Should further work establish that the concepts 
applied in this paper to the lower sections of the curves may also be 
employed in the analysis of the excess combination of acid, the pos- 
sibility is opened of studying in an aqueous environment the combina- 
tion of these weakly basic groups with acid, and thus determining 
the number of these groups and the extent of their dissociation. 


Calculation of the Affinity of Anions for Wool 


Any simple analysis of the experimental results, in terms of the 
hypothesis of stoichiometric anion association, depends on the assump- 
tion that the curve of acid combination is homogeneous, 1. e., deter- 
mined by the combination of hydrogen ions and of anions by sets of 
essentially similar groups in the fiber. If this is not the case, it is 
without meaning to attempt to ascribe a shift in the position of the 
titration curve as a whole to differences in single dissociation con- 
stants. The assumption is empirically justified when the displace- 
ment in the positions of the curves affects all parts of the curves to 
the same extent. 

With minor exceptions noted elsewhere the data assembled in 
FIGURE 1 appear to justify a treatment based upon such homogeneity. 
In order to respect the condition of homogeneity, essential to a simple 
analysis of the data, the treatment that follows is applied only to the 
part of the titration data which represent amounts of acid bound lower 
than 0.8 millimole per g. 


RELATION OF THE POSITIONS OF THE TITRATION CURVES 
TO THE ANION AFFINITY 


Since it has been assumed that the differences in the positions of 
the curves with respect to the pH axis are determined by differences 
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in K,’, the protein-anion dissociation constant, it is appropriate to 
attempt to evaluate K,’ for the anions of each of the acids used by 
means of the position of the corresponding titration curve.® It has 
already been shown that changes in the positions of the titration curves 
obtained with a single acid, in the presence of pre-determined concen- 
trations of the anions of the acid added in the form of neutral salts, 
can be described by the equation: 


+ 
Fraction of wool combined = [WHA] + [WH*] ‘J 


[WHA] + [WH*] + [WA-] + [W*] 


1 
= 1 
14 Sef) (1) 
Qn Laa + Ka 


in which az and a, represent the activities of the hydrogen-ion and 
of the anion respectively, and the constants Ky’, K.’, Kz, and Ka 
govern the following hypothetical dissociation equilibria: 


Ky’ WHA=WA- + Ht (2) 
Ky Waa = W= "A> (3) 
K, WHA=WH?t +A-— (4) 
The constant Ky governing a fourth possible equilibrium: 
WHt=W=+4H+t (5) 


does not appear in equation (1), since it is obvious that the four 
constants are interrelated by the relation Ky’ K4’ = Ky Kx. 

The assumptions entering into the definition set down in the left- 
hand member of equation (1) and the relations between the magni- 
tudes of the several dissociation constants have already been discussed 
(36). It has also been shown that each experimental curve is actually 
somewhat broader (covering a wider range of pH values) than the 
S-shaped curves described by equation (1), but that the displacement 
between curves obtained at different values of a, are accurately de- 
scribed by the equation.!® The difference between the curves obtained 


18 The reciprocal of K4' is referred to hereafter as the anion affinity constant, or simply 


as the affinity. 

1° Reasons have been given for attributing this broadening of the experimental curves 
to the high degree of polyvalency of the wool protein,! The difference between theoretical 
curves for monovalent acids and bases and experimental curves of analogous polyvalent 
substances can generally be taken into account by introducing an empirical fractional 
exponent on the hydrogen jon term in the mass-law expression for the monovalent acid. 
Kern, W. Zeit physik. chem. 189A: 249. 1938; Biochem, Zeit. 301: 338. 1939. The 
present simplified treatment also necessarily leaves out of account all effects due to the 
mutual interaction of dissociating groups inj,the molecule except for the effect implied 
broadly in the inequalities Kx’ < Kyand Ka < Kn’. 
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with and without a constant concentration of anions present is also 
accurately described by converting equation (1) into the equivalent 
form, valid when salt is absent: 
[WHA] + [WH*] 
[WHA] + [WH*) [WA T+ (W"] 
1 
= —_____——_—-.. (6) 


Ky’ E + Ka’ ] 
ibe 
dy + Ka 


The derivation of equations (1) and (6) made clear that their 
validity is limited to conditions under which the term [WH*] is 
greater than the term [WA]. These conditions are realized, except 
when much salt is present, when K,’ is greater than Ky. ‘The latter 
constant has not been evaluated, but it must be considerably larger 
than Ky’, which has been assigned the value 6.8 X 10-5 at 0° C1 
Thus equation (6) cannot be used for anions having affinities which 
result in a displacement of the titration curve of more than 1 or 2 pH 
units to the right of the position of the curve obtained with hydro- 
chloric acid. 

It is possible to derive an equation, similar to equation (6), which 
has the complementary condition for validity, 7. e., [WA-]>[WH*+], 
or K4’ < Ky. This equation, applicable to acids of high affinity for 
wool, is obtained by equating the fraction combined to 


[WHA] + [WA7] 
(WHA) + (WAs] >. F Rea] 


Fraction combined = 


Quy 


instead of to 
[WHA] + [WH*] 
[WHA] + [WH*+] + [WA-] + [W*] 


and leads to the general result:2° 


if 
Fraction combined = ——_—_—____—_ (7) 
ee Ka (= + Kr ) 
: aa \au + Ky’ 


or, in the absence of salt, to the equivalent form: 


*» When salt is present, this equation gives the amount of acid plus salt combined since 
the excess negative charge due to [WA] may be neutralized in part by adsorbed cations 
other than hydrogen ion. The amount of salt combined is large only when anions of 
high affinity are present or when high concentrations are used, so that the titration curve 
falls in a region of high pH values, 
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1 
Fraction combined = : (8) 
Ka (= > Kg ) 
+ eS) | Po ee ee 
ay \Qu + Kx’ 


The dependence of the pH coordinate of the mid-point of each 
curve on K,’ or Ka, in terms of either equation (6) or (8), may be 
described by equating the right hand member of each equation to 0.5. 
When this is done with equation (6) the result is 


ei an (an a Ku) it bats ay? — anK a" Ku 6’) 
Ku Ky’ Kr = Qf 
With equation (8) the result is 
Kuz dy + Ky’ 
K,' = — > an | ——— 8 
Ky’ - (= aie z) | : 


Equations (6’) and (8’) both contain constants which have not 
previously been evaluated (Ku and Ky) as well as the constant Ky’ 
to which a value has previously been assigned.?4 Due to electrostatic 
requirements, however, Keg AK a andes Kgs ai The ratio be- 
tween pairs of dissociation constants which differ mainly because 
the electrostatic effect of a single charge (such as the first and second 
dissociation constants of symmetrical dicarboxylic acids) always lie 
between 10 and 1000. If this analogy is accepted Ky probably lies 


between 10-32 and 10-17. Since the factor as in equation 
— 


H 
(6’) must be positive, the curves obtained with acids of lower affinity 
than hydrochloric acid (not reported in this paper) further restricts 
Kz to values greater than 10-71. The factor thus approaches unity 
for values of az at the mid-points of practically all the curves repre- 
sented in Ficurn 1. Thus, between limits represented by the mid- 
point of the hydrochloric acid curve and the mid-points of curves 
for which the condition of validity for equation (6’) (K4’ > Ky) no 
longer applies, the equation may be simplified to 
Ky’ = ee a ae 
Ky’ 


The corresponding simplification of equation (8’), valid when 
ag < Ky (throughout practically the entire range of pH values in 
which the mid-points of the curves occur) is 


(6”) 


21 In all the calculations that follow the reasonable assumption is made that Ky’ is an 
intrinsic property of the protein, and is not appreciably affected by the nature of the acid 
combined with it. 
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_ an? + Kn'an 
Kn’ 


The calculation of K,4’, the reciprocal of the affinity, thus depends 
in either case on an accurate knowledge of Ky’, the intrinsic acidity 
constant of the carboxyl groups of the fiber. By assigning the 
previously determined approximate value at 0° C., 6.3 X 10-5 to this 
constant, the relation of Ky’ to the pH of the mid-point has been 
calculated for this temperature according to both equations. The 
result of this calculation is plotted logarithmically in ricuRE 2, in 
which the mid-point pH, and therefore the value of the affinity con- 
stant, according to both equation (6”) and equation (8”) has been 
indicated for each of the acids represented in FIGURE 1. 

It is apparent that in the region of low pH values both equations 
give practically identical results. The curves approach the same 
straight line having a slope of 2. In this region the ratio of affinities 
of two anions is given with a high degree of approximation by the 
antilogarithm of twice the difference in pH between the mid-points of 
the titration curves obtained with the acids corresponding to the 
anions. 

At pH values above 3, however, the curves diverge appreciably, 
and at pH values above 4.2 (pKy’ at 0° C.), no real values of Ky’ 
are given by equation (6”). Obviously, however, the conditions 
under which equations (6) and (6’) are valid (K4’ > Kg) are no 
longer realized when the curves are displaced to such high ranges of 
pH. Since both equations lead to essentially the same relation be- 
tween K,’ and mid-point pH in the only range of pH in which equa- 
tion (6”) is nearly exact, all calculations of affinity in this paper have 
been based on equation (8”), regardless of the range of pH in which 
the midpoint of a given titration curve may lie. 

It should be noticed that as the affinity increases, the difference 
in the position of the curve produced by a given increase in affinity 
becomes larger until A pH, which at one extreme is equal to — 1/2 
A pK,’ at the other extreme approaches — A pK,’. As the latter limit 
is approached closely, the affinity constant becomes independent of 
the value assigned to Ky’ and is equal to the mid-point ag. 

Included in ricurE 2 is a third curve, also representing equation 
(8”), in which the value 9.32 * 10-5 has been used for Ky’ instead 
of the value 6.3 X 10-5, This curve shows the relation between mid- 
point pH and log Ky’, at a temperature of 25°,? and also illustrates 
the relatively large effect of variations in Ky’ on the estimation of 


K,’ 8”) 
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13 NAPHTHALENE-B~-SULFONIC 
4 2,4,6-TRINITRORESORCINOL 


10 4-NITROCHLOROBENZENE -2-SULFONIC 
15 PICRIC 


1 HYDROCHLORIG 

2 ETHYLSULFURIC 

3 HYDROBROMIC 

5 BENZENESULFONIC 

6 p-TOLUENESULFONIG 

7 o-XYLENE-p~SULFONIG 

8 TRICHLOROACETIC 

9 o-NITROBENZENESUFONIC 

11 2,5-DICHLOROBENZENESULFONIC 
12 2,4-DINITROBENZENESULFONIC. 


4 NITRIC 
17 ORANGE II 50°C 


16 FLAVIANIC 
8 ORANGE IL 25°C 


pH OF MIDPOINT OF CURVE 


eee 901) LNVLSNOO ALINISAV 9071 


Figure 2. Relation between the position of the acid titration curve with respect to pH 


and the affinity of the anion of the acid for protein. 
Curves 1 and 2 represent equation (8’”) with numerical values of Ky’ at 0° C. and 25° C. 
respectively inserted. Curve 3 represents equation (6’”) with the numerical value of Ky’ at 


0° C, Curves 1 and 8 coincide at low pH values. 
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K,' when the latter is large, and the virtual absence of this effect 
when the latter is small. 

By making use of the curve which represents equation (8”) at 0° 
C., values of K,4’ which correspond to each of the acids represented 
in FicuRE 1 have been determined. These values are given in the 
5th column of Taste 1. The ion with least affinity, chloride, has a 
value of K,’, 0.35; picrate, the most tightly bound monovalent ion 
studied at this temperature, has an affinity almost one thousand times 
as great as that of chloride; and the divalent flavianate ion has an 
affinity still higher.2? It is apparent from the results summarized 
in the table that the affinity of the anion tends to rise as the molecular 
weight increases, but the tendency is not regular and exceptions in 
the series occur. 

Since the shapes of the experimental curves are broader than those 
predicted by the much simplified equations (6) and (8), the use of 
these equations in analyzing the shifts in position of the curves, when 
the anion (or its concentration?) is changed, would be rendered more 
significant if the progressive change in the slopes of the titration curves 
could also be shown to be a consequence of the same differences in 
K,’ which result in the displacements to progressively higher ranges 
of pH values. This demonstration has been attempted by substitut- 
ing representative numerical values in equation (8). For. the sake 
of definiteness, the value, 0.01, has been assigned to the ratio Ky’/Ky 
which has already been shown to have a range of reasonable values 
between 0.01 and 0.001. The result of this calculation with several 
different values of Ky’ is shown in FicuRE 3. The calculated curves 
simulate the curves drawn through the experimental data not only 
in the relation between the magnitudes of their displacements from 
one another, but also in the relation of their slopes. The qualitative 
agreement with experiment of these calculations would not be altered 
by the assignment of other reasonable numerical values to the ratio 
Ky’ /Kzy. 


ALTERNATIVE METHOD OF CALCULATING RELATIVE ANION ' 
AFFINITIES ~ 
In the 6th column of TABLE 1 each value of K,’ has been expressed 
as the ratio of the affinity of the corresponding anion to that of chloride 
ion. This has been done because the same relative affinity factor may 
be calculated directly from the experimental results represented in 


22 For purposes of comparison, the affinity of the divalent flavianate ion is expressed in 
the same units as the affinities of the other monovalent acids in the table. 
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Figure 3. Dependence of the slope of theoretical titration curves on the protein anion 


dissociation constant. The two left-most curves are calculated from equation (6) and the 
others from equation (8). The change from equation (6) to equation (8) between Ka’ = .01 


I 


a 
and Ka’ = .001 has been made in order to preserve consistency with the assumption ae 
.O1. H 
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FicuRE 1 by combining them with the data for hydrochloric acid at 
constant chloride concentrations in an earlier paper.1 The values 
so obtained do not depend on the equations just used. 

This alternative method of calculation is made possible by the fact 
that curves obtained in the presence of constant anion concentrations 
are less steep than those obtained in the absence of salt and there- 
fore cover a wider range of pH values. Thus, a curve representing 
results obtained with hydrochloric acid at a constant concentration 
(0.1 M) of chloride ions would intersect all of the curves represented 
in FIGURE 1 with the exception of the curve for flavianic acid. The 
intersections with the curves for hydrobromic acid and picric acid 
would occur so near the extremes of the 0.1 M curve that they are 
not well suited to the present calculation, but all of the other inter- 
sections may be used. At the point of intersection of the 0.1 M hydro- 
chloric acid curve with any curve in FicuRE 1 (two of the crossing 
points utilized may be seen in ricuRE 4), the same amounts of two 
different acids are bound by the wool at the same pH. The same 
degree of combination with two different anions is thus brought about, 
in the presence of different amounts of the respective anions, by virtue 
of the difference of affinity for wool characterizing these anions. It 
follows from the range of ratios of Ky’/Kz which has been adopted 
elsewhere that the ratio of the activities of the two anions in the two 
different experiments is nearly inversely proportional to the ratio of the 
respective anion affinity constants. The anion affinity ratios which 
are thus obtained should be the same as those given in column 6 of 
TABLE 1. 

The activity of potassium chloride at 0.1 M at 0° is 0.0768.22 The 
assumption has been made that the activity of the anion in each ex- 
periment made in the absence of salt is equal to the activity of the 
hydrogen ion. It is very unlikely that this assumption is strictly 
true, for the experimental value, pH, is related to both activities, and 
methods of obtaining individual ion activities are at present unknown. 
By dividing 0.0768 by the antilogarithm of the negative of the pH, the 
values given in the last column of rape 1 have been obtained. In 
view of the fact that the intersecting curves were drawn free hand 
and that the two kinds of data were obtained with different lots of 
wool the agreement of the values in the last column with those in 
column 6 is satisfactorily close. 

23 Harned, H. S., & Cook, M.A. Jour. Am. Chem. Soc. 59:1290. 1937. 


24 A third method of calculating relative affinities has also been made use of. Mixtures 
of acids have been equilibrated with wool and the relative amounts of the two acids com- 


304 ANNALS NEW YORK ACADEMY OF SCIENCES 


HYDROCHLORIC ACID 
. BENZENESULFONIC ACID 


NAPHTHALENESULFONIC ACID 


3 0.1 M CHLORIDE | 
8 Ny 0.1 M BENZENESULFONATE 
3 0.1 M NAPHTHALENESULFONATE 


PER GRAM 
° 
(7) 


MILLIMOLES 


co) 
rs 


ACID BOUND 


pH 


Fieure 4, Comparison of the titration curve of wool protein obtained with three dif- 
ferent acids in the absence of salt at 0° C., with the curves obtained at the same temperature 
in the presence of a constant concentration (0.1 M) of the anions of the acids, 


Results Obtained in the Presence of Salt 


It should be possible to predict the displacements that would be 
found if the same acids were used in the presence of predetermined 
constant concentrations of their anions, added as neutral salts. By 
starting with equations (1) and (7) instead of equations (6) and (8), 
and making the same simplification which was carried out in arriving 
at equations (6”) and (8”) formulas which give the relation between 
this ratio agree closely with the results of the methods described in this paper. Since 
the method has thus far been applied to experiments with acids for which no data are 


given in the present paper, and since work with these acids is still in progress, no ex- 
amples of these calculations are given here. 
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K,’ and the mid-point pH when the measurements are made in the 
presence of any constant concentration of anions is obtained: 


; ay — Ky’ 
Ka = A ne (1”’) 
an + Kx’ 
1 ieee ee els. (7"”) 
Ky’ 


In this equation, the quadratic term in ay, found in equations (6”) and 
(8”), does not appear. In the range of relatively low affinities, there- 
fore, a given change in K,’ will, in the presence of a constant anion 
concentration produce twice the pH change which corresponds to this 
change in K,’ in the absence of salt. With anions having higher 
affinities, however, displacements in mid-point pH values obtained in 
the presence and absence of salt will differ by less than a factor of 2. 
These predictions have been tested by making measurements with a 
number of the acids included in TABLE 1, in the presence of 0.1 M con- 
centrations of their anions, added as the potassium saits. The results 
of these titrations are represented graphically in ricurm 4. As the 
figure shows clearly, the difference in the pH values of the mid-points 
of the hydrochloric acid and benzenesulfonic acid curves are twice as 
great for curves obtained in the presence of salt as in its absence. 
The difference between the mid-points of the hydrochloric acid and 
naphthalenesulfonic acid curves is somewhat less than twice as great 
in the presence of salt as in its absence. Both differences thus agree 
with the predictions of the equations. 

Similar experiments have also been made with Orange II at 25° 
in the presence of a constant concentration of its colored anion, added 
as the sodium salt. The affinity of this anion is so great that it com- 
bines with the protein in considerable amounts at pH values at which 
only small amounts of hydrogen ion are normally taken up. The result- 
ing negative charge on the fiber is neutralized, as in all the cases cov- 
ered by equations (7) and (8), by adsorption of positive ions. In 
the presence of salt, appreciable quantities of sodium ions, as well as 
hydrogen ions, are bound. Thus, equation (7) no longer gives the 
amount of acid taken up alone, but the sum of the amounts of acid 
and of salt.2° Since the analysis of these data thus requires the de- 
velopment of a technique for the accurate estimation of this sum, the 
data obtained with Orange II at a constant concentration of its anion 
are not included in the present paper. The great steepness of the 
0.1 M naphthalenesulfonic curve in FIGuRE 4 is due, in part, to com- 
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bination with small amounts of salt at high pH values. These should 
have been added to the amounts of acid combined in order that the 
resulting curve should be described by equation (7). 


Effect of Temperature on Anion Affinity 


It has been shown earlier? that a comparison of titration data ob- 
tained at two temperatures permits an estimation of the heat changes 
accompanying the dissociation of the protein-anion complex. Meas- 
urements at 25° C. have therefore been made with four acids of 
widely different affinities. The results also provide a basis of com- 
parison with those acids which it was impractical to investigate at 
0° C. because of the slowness with which they come to equilibrium 
with wool. Data obtained at 25° C. with one of these acids, 
Orange II, are included with those for the other four acids in FicuRE 5. 
Data for three of the acids at 0° (FicuRE 1) are included for compari- 
sons. As ricurE 5 makes clear, the effect of temperature on the 
position with respect to pH of the curves obtained with picric acid 
(0.34 pH unit) is considerable, greater than its effect on the curves 
for naphthalenesulfonic acid (0.21 unit), which in turn show a greater 
effect than the curves for hydrochloric acid (0.16 unit). No estimate 
is attempted of the effect of temperature on the position of curves for 
flavianic acid, since the data obtained at 0° C. with this acid probably 
did not represent a final equilibrium. 

The curve at 25° C. for flavianic acid requires further explanation. 
When plotted, as in FicuRE 5, as mulli-equivalents per gram against 
pH, the data run nearly parallel to those for picrie acid at the same 
temperature up to values of acid combined of at least 0.65 milli- 
equivalents per gram. ‘This furnishes a very strong indication that, 
in this range of pH values, the flavianate ions combining with the 
wool are predominantly doubly ionized, and each effectively neu- 
tralizes two of the positively charged basic groups in the proteins. 
At lower pH values, where the data are represented by a broken line, 
the proportion of the total flavianic acid which is doubly dissociated 
is so small that a part of the ions which combine with the fiber are 
monovalent. In the most concentrated solutions combination with 
the fiber takes place almost entirely with the monovalent ion, so that 
a plateau at 0.82 millimole rather than at 0.82 milli-equivalent would 
presumably be found. Since the concentration of flavianic acid is 
extremely low in the pH range in which the ions are predominantly 
divalent, it is clear that the affinity of the doubly charged anion is 
considerably higher than that of the monovalent ion. Trinitroresor- 
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ACIDS 
© HYDROCHLORIC 25° 
o* 
NAPHTHALENESULFONIC + 25° 


PICRIC 25° 
o 
FLAVIANIC 25° 


ORANGE IT 25° 


MILLIEQUIVALENTS PER GRAM 


ACID BOUND 


Figure 5. Comparison of the titration curves of wool with various acids at 0° C. and 25°C. 


cinol also combines with wool as a dibasic acid when present in great 
dilution (to avoid complicating FricurE 1, only the part of the data in 
which combination is predominantly with the ‘monovalent ion were 
represented). Similar effects appear in Speakman’s® data obtained 
with sulfuric acid. 

The affinities at 25° C. of the acids represented in ricuRE 5, calcu- 
lated by the first of the two methods described in Section 2, are given 
in the first part of raBLn 2. The values of K,’ listed in column 4 were 
obtained graphically from the curve for 25° C. in FicurE 2. Thus the 
effect of temperature on Ky’ has been taken into account. Owing 
to the inclusion of data for Orange II, the differences of affinity com- 
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prised in this table cover almost eight times as wide a range as those 
listed in TABLE 1. 

The sixth column of the table gives the ratio of the protein-anion 
dissociation constants at 25° and 0°. From this ratio, and the van’t 
Hoff equation, the average heat of dissociation of anions in this range 
of temperature has been calculated. The values so obtained are 
given in the last column. The heats of dissociation rise from some 
2000 calories in the case of chloride ion to nearly seven thousand 
calories in the case of picrate. As should be expected, more energy 
is required to dissociate the more tightly bound ions.”5 

In order to evaluate the effect of temperature on the affinity of 
Orange II, the amounts of this acid combined by wool were also 
measured at 50° C., after allowing a period of 5 days for the attain- 
ment of final equilibrium.2® The results, together with data for hydro- 
chloric acid at the same temperature, and for Orange II at 25° C., are 
represented graphically in rigurE 6. The measurements represented 
by crosses were obtained at 50° C. by determining the increase in dry 
weight of the fibers as the result of combination with dye. The small 
discrepancy between the two methods of measuring combination 
(larger the more acid the solution) may be accounted for by the fact 
that small amounts of amide nitrogen are split off, as a result of the 
prolonged exposure to dye at this high temperature, and affect the 
apparent dye uptake estimated from the difference in the acid teter 
of the dye bath brought about by the wool. The amounts of wool 
dissolved by comparable exposure to the same concentrations of 
hydrochloric acid are considerably smaller. 

A comparison of the titration-curve obtained with Orange II at 
50° C. with the portion of the curve obtained at 25° C. strongly 
suggests that the data for the lower temperature do not represent a 
final equilibrium state. This was clearly the case when higher con- 
centrations of dye were used,—combination of dye in 35 days at 
25° C. in no case exceeded 0.63 millimole, even when solutions more 
acid than those used at 50° C., were employed. The affinity of the 
dye anion at 25° C. (listed in the first part of TABLE 2) must there- 
fore be regarded as minimal. Thus, the heat of dissociation of the dye 
anions is even larger than the value in the table (12,500 calories), 

*° The value of Kx’ at 25° was chosen on the basis of the earlier analysis of the effect 
of temperature on the combination of wool with hydrochloric acid,? in which the heat of 
transfer of the ions from the solution to the fiber was neglected. The heats of dissociation 
given in the table may therefore be subject to a small correction. Since this correction 
would be practically invariant, its application would not affect the relative order of the 


heats of dissociation, nor the great differences between them 
2° Ender, W., & Miiller, A. Melliand Textilberichte 18: 633. 1937. 
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Ficure 6. Combination of wool protein with the azo-dye acid Orange II, and with hydro- 
chloric acid as a function of pH at 50° O. The significance of the crosses is explained in the 


text. 
For comparison, data obtained with Orange II at 25° C. are included. 


ANNALS NEW YORK ACADEMY OF SCIENCES 


310 


oy) pure ‘oanqesodu10} sty} Joy WOATT AGTUPe OATPEIOI JO ON[BA OY} SNUL 


*[eUNTUTUL OR os"7ZTV JO ONTVA 


‘sonyea wNyAqT[Mbe yuososdod 4OU Op “O o9% 9B BEP II osuwAO ONL + 


“4x9} 0} JOJOY “PUOTRAOMOU OJOA MOTH OY) Jf SB WosreduI0d Jo sosodand doy possord xg jx 


E'BSE FIFJOM AV[NOJOT 


4009°21 460° 006‘8 401000" 16° 13° «II 930810 
og9'T— 98°0 or'0 88°0 12'S oopyoorpAy 
of" HV at ia h 009 
on\ i ‘ 
L00r82 4120000" 189° 91°F +I[ 93810 
+088 #041000" wall & 10'% TULA LT 
0199 08° 088 62100" 68'S a's OO 
Os8e 18'T oF LOT0" 16° £0°S oruojmns-d-ouoyey}yde N 
OLIZ OFT 6r'0 180 91° LOT OOIPATT 
SOLLO[eo ofS 
uoryeroosstp | °/ YT epwoyqo OL 18 bo wory | yulodpryyy poy 
UOIUG 105 ee jo "ye 0} Vy s0[— jo yd 
; 9 \ 1" : 
w HV OAT}U[OL 
Agrayyy 


‘OD 009 INV (GG LV NOMVIOOSSICL JO SLVaP, ONV SENVLSNOD ALIN Y NOINY 20 NOILVIOOTV() 


Z G1av, 


STEINHARDT: COMBINATION OF PROTEINS WITH ACIDS 311 


and exceeds by a large factor the heats of dissociation of the other 
ions listed. 

As in experiments with several other acids, quantities of dye con- 
siderably in excess of 0.8 millimole per g were combined in the most 
concentrated solutions. This excess combination is not only larger 
with Orange II than in the other cases described but occurs in such 
a way as to obliterate all suggestion of a plateau in the neighborhood 
of 0.82 millimole per g. It therefore seems possible that causes other 
than those already suggested to account for the excess combination 
with other acids may be involved. The molecules of many dyes are 
known to be aggregated in aqueous solutions to a greater or lesser 
extent.27 Although no evidence suggesting that Orange II is highly 
aggregated has ever been put forward, the failure of its solutions to 
obey Beer’s law suggests that some degree of aggregation occurs in 
all but extremely dilute solutions of this dye. Combination of the 
fiber, at least in part, with aggregated dye anions, might then account 
for the large amounts taken up, and for the anomalous relation to 
pH of the amounts combined at high concentrations. 


COMBINATION OF ANIONS WITH A DISSOLVED PROTEIN 


If it can be shown that stoichiometric combination with anions 
occurs in the reaction of both soluble and insoluble proteins with 
acids, there is a wide realm of application in biochemistry?® and 
physiology2? in which it must be taken into account. If it occurs 
only with wool or with the fibrous proteins alone®® it must be regarded 
as a clue to the nature of the specific structural differences between 


soluble and insoluble proteins. 
In order to determine whether the marked differences in the titra- 


27 Valko, E. Trans. Faraday Soc. 31: 230. 1935. 

28 Thus, Donnan membrane potentials found in systems of acid and protein should be 
smaller than those predicted by calculations neglecting anion combination. With anions © 
of especially high affinity the potentials observed might even be reversed in sign. Dis- 
crepancies between observed Donnan potentials or jon-distributions and those predicted 
by equations which fail to allow for anion combination have occasionally been reported 
(Bigwood, E. J. Bull. soc. chim. biol. 21: 1102, 1105. 1939; Briggs, D. R. Jour. Biol. 
Chem. 134: 261. 1940.) Calculations of membrane potentials by Adair, G. 8., & Adair, 
M. E. (Biochem. Jour. 28; 1230. 1934; Comptes rend. Lab. Carlsberg 22: 8. 1938; 
Trans. Faraday Soc. 36: 23. 1940) take combination with anions into account. 

29 Physiologists have long attributed to dissolved proteins the power to form undis- 
sociated complexes with cations such as calcium. This combination has been charac- 
terized in several cases by a mass-action law constant (Drinker, N., Green, A. A., & 
Hastings, A. B. Jour. Biol. Chem. 131: 641. 1939). . 

» The amounts of acid or base combined with silk (Gleysteen, L. F., & Harris, M. 
Jour. Research Nat. Bur. Standards 26: 71, 1941) at any pH depend on the concentration 
of anions and cations respectively in a manner entirely analogous to the similar dependence 


described for wool.! 
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tion curves of wool obtained with different acids are also to be found 
with dispersed proteins, determinations were made of titration curves 
of the soluble protein, egg albumin, with several of the same acids. 
The behavior toward hydrochloric acid and chlorides of this protein 
has already been contrasted with that of wool in an earlier paper.t 
The measurements were made in dilute solutions of the protein 


EGG ALBUMIN 22°C 
ACIDS 


FLAVIANIC 

PICRIC 
NAPHTHALENESULFONIG 
DINITROBENZENESULFONIC 
NITRIC 

BENZENE SULFONIC 
HYDROCHLORIC 


MILLIEQUIVALENTS PER GRAM 


ACID BOUND 


Figure 7. Combination of a dissolved protein, egg albumin, with various strong acids 
as a function of pH. 
The significance of the crosses is explained in the text. 


(0.113%) in order to avoid the precipitation which would otherwise 
have been brought about by several of the acids used. 

The results of these measurements at 22° C. are shown in FIGURE 7. 
The position of the broken line at the top of this figure, inserted as a 
reference point, shows the maximum acid-binding capacity indicated 
by the work of Kekwick and Cannan with hydrochloric acid.6 The 
crosses distinguish measurements in which incipient precipitation was 
indicated by a faint opalescence. In every case measurements with 
higher concentrations of the acid produced a visible precipitate, and 
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have been omitted from the figure, to avoid all possibility that the 
effects described may have been due, in whole or in part, to the 
existence of two macroscopic phases. 

The differences in the curves for different acids shown in FIGURE 7 
evidently closely resemble the corresponding differences which have 
been described for wool. With the minor exception of the inversion 
of the relative positions of the curves for benzenesulfonic acid and 
nitric acid, the order of the affinities of the acids represented is the 
same as for wool, and the relative magnitudes of the several separa- 
tions of the individual curves are qualitatively similar to the separa- 
tions obtained with the fibrous protein. One difference however 
distinguishes the two sets of data. The positions of points along the 
curves for egg albumin show no tendency to remain equidistant with 
respect to the pH axis; neighboring curves diverge strongly as in- 
creasing amounts of acid are bound. This divergence may be regarded 
as a consequence of the excess of carboxyl groups over amino groups 
in the dissolved protein. Because of this inequality only a part of 
the carboxyl groups are ionized in the uncombined state, and this 
part alone is free to accept hydrogen ions from the acids. The com- 
plete titration curve of all the carboxyl groups of the protein extends 
beyond the point of zero combination with acid (near 5.0) and can 
only be obtained by titration with base as well as with acid. The 
part of the carboxyl curve which is obtained by combination with 
base in the absence of salt is not governed by the affinity properties 
of anions, since cations rather than anions are present when it is 
obtained. Thus, unless salt is present, the influence of anions disap- 
pears entirely at or near the point of zero combination with acid. 
This circumstance tends to obscure the simplicity of the relation be- 
tween the affinity of the anion and the pH coordinates of acid titra- 
tion curves. This simplicity will manifest itself only when the acid 
combination curve coincides with the titration curve of the carboxyl 
groups as a whole, as it does in the case of wool. With salt present, 
a secondary effect of the anion beyond the isoionic point may be ob- 
served, as the data of Briggs®! obtained on serum albumen with meta- 
phosphate plainly show. 

Since the curves in FIGURE 7 converge sharply, it is difficult to com- 
pare the absolute magnitudes of the differences in affinity of the 
several anions with the corresponding differences found with wool. 
Obviously the comparison should be made between acid solutions 
which are as far as possible from the isoionic point in order to 


u Briggs, D. R. Jour. Biol. Chem. 134: 261, 1940. 
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minimize the effects of the convergence. The data do not extend to 
very acid solutions, but at the extreme of the range represented the 
differences in the pH coordinates of the curves approach values only 
slightly smaller than the differences between curves for the same 
acids in FiGuRE I. 

Results of the kind described here for both proteins may furnish 
a basis for explanations of the many reports of ion specificity in the 
literature of protein and enzyme chemistry. Attempts have been 
made to deal with some of these specific properties, such as differences 
in salting-out effectiveness, by treatment of the electrostatic inter- 
action between ions having different sizes, shapes, and electric 
moments. Many phenomena of specificity remain, however, for 
which plausible explanations based on simple electrostatic considera- 
tions alone are not easily obtained. Among these are the numerous 
instances reported of differences in the electrophoretic mobility of 
various proteins when different anions or different concentrations of 
anions are present in buffers. Such differences have been the subject 
of recent detailed investigations by Davis and Cohn,*? Gorin, Abram- 
son and Moyer,*® Tiselius and Svensson,?* and Sookne and Harris.%° 
A number of these investigators®* 5+ 35 concluded that the differences 
found were due at least in part to combination of the protein with 
ions other than hydrogen or hydroxyl ions. An especially striking 
instance of anion specificity in the phenomenon of protein denatura- 
tion by guanidine salts has been reported by Greenstein.2* Here 
certain salts of guanidine such as its halides are effective in low con- 
centrations while others, such as the sulfate, are ineffective in all 
concentrations tried. Another example, large differences in the ab- 
solute velocity of the denaturation of dissolved crystalline pepsin in 
the presence of various anions, has been described by the present 
author. The denaturation reaction proceeds at a rate which is in- 
versely proportional to the 5th power of the hydrogen ion activity, 
regardless of what buffer-acid is used to control the pH, but the rates 
of the reaction are widely different with each of the several acids 
used.37 The shifts in the experimental .curves relating any of the 


2 Davis, B. D., & Cohn, E. J. Jour. Am. Chem. Soc. 61: 2092. 1939. 
eine M. H., Abramson, H. A., & Moyer, L. S. Jour. Am. Chem. Soc. 62: 1643. 
34 Tiselius, A., & Svenson, H. Trans. Faraday Soc. 36:16. 1940. 
8s Sookne, A,, & Harris, M. Jour. Research Nat. Bur. Standards 23: 299. 1939. 
RP1234; 25:47, 1939. RP1318. Zi 
* Greenstein, J. P. Jour. Biol. Chem. 130: 519. 1939. 
: Sree J. Kg. Danske Vidensk. Selskab. Math.Fysisk Medd. 14: No, 11. 
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magnitudes cited to pH could be understood if it were shown that 
they were manifestations of a corresponding shift in the titration 
curve of the protein involved in the presence of different anions. 

It has been earlier shown that the portions of the titration curves 
of egg albumin and of wool which are determined by the dissociation 
of hydrogen ions from carboxyl groups differ widely when the titra- 
tions are carried out in the absence of salt, but become closely similar 
when high concentrations of salt are present.* The effect of the pres- 
ence of salt in concentrations up to 0.5 M is thus much larger with 
wool than with the dissolved protein. Since the theory of stoichio- 
metric reversible anion combination was formulated to account for 
the large effects on wool, the application of this theory to the much 
smaller salt effects described by Cannan for egg albumin®* seemed 
at first uncalled for. It appeared that the combination with anions 
might be limited to proteins present in a separate phase, possibly 
as a consequence of electrostatic restrictions against the transfer be- 
tween phases of hydrogen ions alone. The experiments just described, 
however, suggest that the difference between the titration curves of 
dissolved and undissolved proteins in the absence of salt? cannot be 
due to the absence of any tendency for anions to combine with the 
dissolved protein. The contradiction between the results of the two 
kinds of experiment is only apparent, since the existence of a stoichio- 
metric salt effect is not an inevitable consequence of every situation 
to which equation (1) may be applied. Such salt effects may be 
expected only when Ky’ » 4» Ky. If Ka’ and Kg are both very 
large, the bracketed term in the denominator of equation (1) ap- 
proaches a constant value, nearly independent of a4. If, on the other 
hand, both dissociation constants are very small, the bracketed term ap- 
proaches unity and is again nearly independent of a4. In either case, 
corresponding to extremely low affinity or extremely high affinity of 
anions for the protein, the availability of hydrogen ions rather than 
of anions becomes the factor which limits the extent of combina- 
tion with acid. Thus, the titration curves obtained in the absence 
of salt will not differ greatly from those obtained at low constant 
anion concentrations. 

There are numerous indications that dissolved proteins do combine 
with such commonly employed anions as chloride, acetate, and phos- 
phate but the extent of this combination does not appear to be com- 
parable to the extent of combination of hydrogen ions in acid solu- 
tions.28% 28 83, 34 Thus, the first of the two alternatives (K4’ and K4 


ae ee 
a Cannan, R. K. Cold Spring Harbor Symp. Quant. Biol. 6:1. 1939. 
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large) probably applies. The difference in the absolute values of 
these constants characterizing the soluble and insoluble proteins may 
be related to their respective states of dispersion or to the structural 
factors underlying them. 

It should be noted in FicurE 7 that precipitation occurred at con- 
centrations which were in the inverse relative order of the affinities. 
Picrate and flavianate are ions of well known high precipitating 
efficiency for proteins but many others, such as tannate and meta- 
phosphate, are equally well known. The latter in particular has been 
extensively investigated in recent years.®® 4% 41,31 Perlmann and Herr- 
mann have reported*! that the metaphosphate combined is equivalent 
to the number of basic groups in the protein. In addition, Briggs 
has shown that the presence of metaphosphate results in a shift in 
the hydrochloric acid——sodium hydroxide titration curve of serum 
albumin to a range of pH values much above that which it normally 
occupies. This behavior parallels the results with the other acids 
reported here, but the explanation which Briggs proposed is no more 
than formal if applied to the wide range of results with both egg 
albumin and wool in the present paper. 

It would be of interest to determine to what extent protein precipita- 
tion by familiar specific precipitants such as picrate, tannate, and 
metaphosphate, and the salting out of proteins with various sulfate 
salts may all be regarded as manifestations of the same general 
protein-anion equilibrium. When the affinity is so great that the 
presence of only small amounts in excess of stoichiometric equivalence 
suffices to cause combination and precipitation, the anion or acid is 
naturally described as a specific protein precipitant. When the 
affinity is low (as in the case of sulfate) and large excesses are re- 
quired, the combination and precipitation may have many of the 
characteristics of salting-out. With extremely low affinities, such as 
that of chloride, salting-out is rarely practicable. 


RELATION OF ANION AFFINITY TO SIZE, STRUCTURE, 
AND BASICITY OF IONS 


If the phenomena reported in the present and in preceding papers 
are to be ascribed to the formation of partially dissociated stoichio- 
metric protein-anion combinations, it is desirable to inquire into the 
nature of the forces which confer so wide a range of affinities for 

* Schofield, R. K. Trans. Faraday Soc. 31: 390. 1935. 


‘Samuel, L. W., & Schofield, R. K. Trans. Faraday Soc. 32: 760. 1936. 
“ Perlmann, G., & Herrmann, H. Biochem, Jour. 32:926. 1930. 
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protein to different ions. The existence in solution of ion combina- 
tions which are only partially dissociated is now well established, 
partially as the result of the work of Kraus and his collaborators in 
solutions of low dielectric constant,*? and partially as the result of 
the theoretical treatment of concentrated aqueous solutions of electro- 
lytes by Bjerrum and others. Certain partially dissociated inorganic 
salts (acidates, in the terminology of Bjerrum) have long been 
familiar, and the fact has also long been known that many substances 
formed by the reaction of an acid with a base, such as certain halides 
of silver, cadmium, and mercury, crystallize in lattices which are 
only partially ionic. The work of Cannan and Kibrick’*® and of 
Greenwald!* 15 has shown that even in dilute aqueous solutions 
divalent cations often form partially dissociated phosphates and par- 
tially dissociated complexes with the anions of carboxylic acids. 

Such combinations, including those considered in the present paper, 
may be formed in two possible ways, involving either directed or un- 
directed valence forces. The first alternative involves the formation 
of a bond having a partially covalent nature, or a hydrogen bond; 
the second comprises various kinds of polar forces, electrostatic 
(coulombic) in nature or otherwise, and includes van der Waals 
forces. If the first type is involved the principle relation found 
among the anions should be an inverse one of affinity to the intrinsic 
strength of the corresponding acid.** The relations found in cases 
to which the second alternative applies would be expected to be 
more complex. 

Since most of the acids included in the present research are of 
approximately equal strength in water, but differ widely in affinity, 
the first alternative seems to have little in its favor. However, a 
part of the total binding energy between anion and protein might 
still be due to the formation of a directed bond, especially since the 
intrinsic strengths of the various acids, as distinguished from their 
apparent strengths in water, are not all equal. 

In an effort to appraise more closely the influence of the basicity 
of the anion on the affinity, comparisons have been made of the results 
obtained with pairs of comparable acids, such as benzenesulfonic 
and benzoic acids, which differ widely in strength (ricurE 8). The 
data shown are limited to ranges of pH in which the concentration 
of the undissociated form of the weak acid does not exceed 0.1 M in 


«Kraus, C. A. Science, 90: 281. 1939. 
43 Here the possibility of the formation of a bond between the protein and the charged 
group of the anion (when the anion is polyatomic) is alone under consideration. 
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Figure 8. Comparison of portions of the acid titration curves of wool protein obtained 
with pairs of homologous acids which differ widely in strength. 


order to avoid effects, due to the presence of larger amounts, which 
have been described elsewhere.1!_ There is very little difference be- 
tween the amounts of strong and of weak acid combined at a given 
pH in the case of the benzenesulfonic-benzoic acid comparison. On 
the other hand, dinitrophenolate ion appears to have a definitely 
higher affinity for wool than the anion of its totally dissociated 
analogue, dinitrobenzenesulfonic acid. The opposite situation is 
found in experiments (still in progress) with a series of aliphatic 
carboxylic acids. These have even lower affinities for wool than 
has hydrochloric acid; in addition, the weaker acids have lower 
affinities than the relatively strong members of the series. The affini- 
ties of all of them are increased by the introduction of a halogen or of 
a hydroxyl group, although the derivatives thus formed are con- 
siderably stronger acids. Since there is no consistency in these re- 
sults it seems likely that the differences found are due to specific 
structural effects rather than to differences in acid strength. 
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An indication of the nature of the undirected forces to which the 
principal recourse must therefore be had is to be found in the fairly 
regular correspondence between the order of affinities and of molecular 
weights, which is evident in TABLE 1. Such a dependence on the 
mass of the anion is consistent with the Fajans rule which deals with 
the tendency of an ionic bond to dissociate. However, a dependence 
on mass, or functions of ion size related to it, is also generally 
characteristic of similar phenomena which depend at least in part on 
van der Waal’s forces, or adsorption.** 4° 

The several secondary exceptions to a strict. correspondence be- 
tween the relative masses of the ions and their affinities, provide 
further information as to the relation between structure and affinity. 
Thus the aliphatic carboxylates already mentioned, do not fall into 
a molecular weight order; likewise, ethylsulfate ion has as low an 
affinity as the much smaller chloride ion, and is lower in relative 
affinity than the smaller bromide and nitrate ions. The anion of 
trinitroresorcinol is slightly lower in affinity than picrate although it 
is slightly heavier. Naphthalenesulfonate is higher in affinity than 
the heavier dinitrobenzenesulfonate ion. 

A possible way of resolving these discrepancies without introduc- 
ing a host of special assumptions suggests itself if due regard is had 
for the shapes of the various ions, and the character of the surfaces 
which they present to the protein. Two-dimensional ions (those de- 
rived from simple benzenoid compounds) possess higher affinities 
than either compact three-dimensional or chain-like particles of the 
same mass. The nature of the substituents added appears to be of 
less importance than their mass as long as there is no steric hindrance 
to their lying in the plane of the ring. Such a hindrance appears to 
operate in the case of the monovalent trinitroresorcinol ion which 
has an appreciably lower affinity than picrate. It appears doubtful, 
from the study of models, whether the undissociated hydroxyl group 
in this ion can lie in the plane of the ring. When the flat configura- 
tion is imposed by the existence of conjugated double bonds, as in 
naphthalenesulfonic acid, the affinity relative to a disubstituted ben- 
zenoid compound of the same mass gains accordingly. Wide differ- 
ences between the degree of substantivity of o- and m- substituted 
benzidine azo-dyes cited by Robinson and Mills*® furnish extreme 
examples which are entirely consistent with the present suggestion. 

44 The Langmuir adsorption law leads to the same equation as the law of mass action 
in the derivations of the equations describing the combination of acid. 


« Hendricks, J.B. Jour. Phys. Chem. 45:65. 1940. 
« Robinson, C., & Mills, H. A. T, Proc. Roy. Soc. London, A131: 576. 1931. 
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The fact that ion-flatness appears to favor affinity for protein need 
not be interpreted as an exclusive dependence of affinity on the size 
of the surface presented by an ion. Saturated aliphatic hydrocarbon 
chains in an ion probably do not exercise any considerable attractive 
forces on the fragments of hydrocarbon chains which exist on the 
surface of the protein. A close approach between them is obstructed 
by the outer shell of hydrogen atoms common to both. Thus, the 
greater affinity of ions composed of aromatic hydrocarbons may be 
due to the absence of this obstructive shell on two of their largest 
surfaces. If, in addition, electro-negative substituents, such as chlo- 
rine or the oxygen of nitro groups, are presented by the ion to the 
protein, strong attractive forces may arise, replacing the relative in- 
difference which determines the behavior toward protein of the un- 
substituted hydrocarbon. Experiments designed to test these views, 
and the possibility of applying them in the deliberate control of 
affinity, are at present in progress, 


ACID-BASE EQUILIBRIUM IN SOLUTIONS 
OF AMPHOLYTES 


By Joun G. Kirkwoop 


From Cornell University 


Important information concerning the structure of the amino acids 
and proteins is provided by a study of acid-base equilibria in solu- 
tions of these ampholytes. In fact, one of the early arguments in 
favor of the dipolar ion hypothesis’ was based upon the striking 
discrepancy between the values of the dissociation constants of 
the amino acids and those of aliphatic carboxylic acids. The 
acidic group of the neutral ampholyte was concluded to be NH3* 
rather than COOH, in agreement with a dipolar ionic structure 
NH,+RCOO-. On the basis of Bjerrum’s theory of electrostatic in- 
teraction in the dissociation of polybasic acids, it is further to be 
expected that the negative group COO- would have a marked influence 
on the acidic dissociation of the NHs* group, depending upon the 
distance of separation of the charged groups. From a comparison 
of the dissociation constants of the dipolar ion NH,+RCOO- and the 
ion of its ester salt NH3;+RCOOCHs, the charge separation in the 
dipolar ion may be calculated. Neuberger? has calculated the charge 
separation for several aliphatic amino acids on the basis of the Bjer- 
rum theory. The distances so obtained were considerably too small. 
More recently Westheimer and Shookoff? using a more refined elec- 
trostatic theory, have computed charge separations which agree very 
satisfactorily with structural estimates from accepted interatomic 
distances and bond angles. Their calculations thus complete the 
argument for dipolar ionic structure based upon the magnitude of 
dissociation constants. It also is possible to extend the electrostatic 
theory to an ampholyte with an arbitrary number of acidic groups, 
NH,+ and COOH, and thus to provide a semi-quantitative theory of 
acid-base equilibria in solutions of proteins. 

The ionization equilibria of a simple ampholyte HZ with positive 
ion H.Z+ and negative ion Z~ are described by the equations; 


H.Z+ = HZ +,Ht; Ki 
HZ = Z + Ht; Ko. (1) 


eee 
1 Bjerrum, N. Zeit. Physik. Chem. 106: 219. 1923. 
2 Neuberger, A. Proc. Roy. Soc. London A158: 68. 1937. 
3 Westheimer, F. H., & Shookoff, M. W. Jour. Am, Chem, Soc. 61: 555. 1939. 
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Let HZ°+ be a monobasic acid with a basic part Z° differing in struc- 
ture from the ion Z— only by the absence of the negative charge. Its 
ionization equilibrium is described by 


WA Ed eee a (2) 
From thermodynamics we may write 

RT log K2°/K, = — AF° (8) 
where AF° is the standard free energy increment in the reaction, 

HZ°+ + Z- > HZ 4 Z°, (4) 


From a molecular point of view, AF°/N is equal to average work 
expended in the transport of a proton from the molecule Z° to the 
ion Z-. Since Z° and Z— contain the same basic group, the effect 
of short range exchange forces bonding the protons in the acids HZ°+ 
and HZ may be expected to cancel in the transfer of the proton be- 
tween them, leaving the electrostatic interaction between the proton 
and the negative charge of Z— as the dominant contribution to AF°. 
If R is the distance between proton and the negative charge in the 
molecule HZ, AF° then has the form 
Ne 
Ae (5) 
where ¢’ is an effective dielectric constant. In the Bjerrum theory 
e’ was assumed identical with the macroscopic dielectric constant « of 
the solvent. In the Kirkwood-Westheimer theory,* the molecule HZ 
is treated as a cavity of low dielectric constant rather than as a struc- 
tureless system of two point charges in the solvent continuum. Using 
classical electrostatic theory, these authors have calculated ¢’ for 
molecules of spherical and ellipsoidal shape. From equations (3) 
and (5) the quantity Apx, equal to logio Ke°/Ke, may be computed 
from the formula, 
e 
2.303e’RkT 


where ¢’ may be obtained from the tables of Kirkwood and West- 
heimer. In their spherical model, the molecules HZ and HZ°+ are 
regarded as spheres of radius b, each containing a proton at a distance 
r from their centers. The molecule HZ is assumed to contain a nega- 


Apx (6) 


4 Westheimer, F. H., & Kirkwood, J. G. Jour. Chem. Phys. 6: 506. 1938; 6: 513. 
1938, 
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tive charge e, in excess of HZ°t, situated at a distance r from the 
center on a vector making an angle 3 with the vector to the proton. 
The values of ¢ in the solvent water at 25° are presented in TABLE 1. 
They were calculated with an internal molecular dielectric constant 
equal to 2.00. 


TABLE 1 
(a = r/b) 
Vatues or \/re’ 
4/2x/cosd -1 -\% 0 

0.10 0.25 0.24 0.23 
20 64 .60 55 
30 1.31 1.16 1.02 
40 2.45 eo a 1.76 
50 4.59 3.82 3.02 
60 8.79 7.15 5.42 
70 17.6 14.2 10.6 
80 37.5 30.9 23).3 
90 79.2 68.9 56.4 
1.00 127.0 116.3 103.5 


For the calculation of R from experimental values of R, it is con- 
venient to write equation (6) in the form, 


e 
te'(x) = : (7) 
4.606 bkT Ap, sin 9/2 
3u \ 
b -( 
4nN 
R = 2bz sin 9/2. 


where v is the molar volume of the acid HZ. With an appropriate 
structural assignment of $, the function Vz ¢ (x) may be computed 
and the corresponding value of x obtained from TABLE 1. From the 
latter value the intercharge distance R is calculated from the third of 
equation (7). 

If the acid HZ is identified with the dipolar ion NH,+RCOO- and 
the acid HZ°+ with the ester salt ion NH3tRCOOCHs, the theory 
may be used to calculate the distance between the charged group of 
the dipolar ion. Such calculations have been made by Westheimer 
and Shookhoff, using the spherical model for glycine and alanine and 
the ellipsoidal model for amino acids and peptides of longer chain 
length. Their results are presented in TABLE 2, together with the dis- 
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TABLE 2 


CHARGE SEPARATION IN DrroiaR Ions FROM Ap, VALUES 


APr R Rr R B 
Glycine 2.02 4.05 3.56 1.53 
Alanine 2.07 3.85 3.56 1.50 
B-Alanine 1.06 5.15 4.19 2.92 
y-Aminobutyric acid a2 6.10 4.72 4.31 
6-Amino valeric acid .62 6.55 5.19 5.00 
e-Amino caproic acid .38 7.85 5.63 8.16 
Glycylglycine .56 6.50 5.17 5.54 


tance Ry computed on the basis of free rotation and Rz on the simple 
Bjerrum theory in which ¢ is identified with the solvent dielectric 
constant. The distance 4.05 A obtained for glycine agrees moderately 
well with the structural value 3.17 and the salting-in value 3.30. The 
mean charge separations in the amino acids of longer chain length, 
as those computed from salting-in and from the dielectric constant 
inerement, do not differ greatly from the free rotation values. Finally, 
we may say that the dissociation constant data on amino acids and 
their ester salts are entirely in harmony with the dipolar ion 
hypothesis. 

It is possible to extend the ideas which have just been discussed 
to ampholytes containing an arbitrary number of acidic and basic 
groups. We shall begin with some preliminary remarks on the 
thermodynamic aspects of the dissociation of an ampholyte Ho,P 
capable of forming a series of ions Ha,P....H,P.... P with respec- 
tive charges n-v. The dissociation equilibria are described by the 
equations: 

H.2P @ HaaP-+ Ht; Ki 


H,P 2 rina Pee Ht: Kony (8) 


HP @ P + Ht; Kp. 
If x is the hydrogen ion activity Cp° the bulk ampholyte concentra- 
tion, and Cy, the concentration of the ion H,P, we may write, 
Cuyp = LYn-1 Cu,-1P/ YnKoy—nt 
2» (9) 
Cp? = > CunP 


n=0 
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where y, is the activity coefficient of the ion HP. The difference 
equations (9) for the concentrations Cxz,e have the solutions, 


Cun,e =CP° (Kao )0"/ 10) 
2Qv k 
G(x) = Dy (i Ket) eee (10) 
g=0 S= 


Thus the fraction f, of the ampholyte existing in the form of the 
ion H,P is 


Tx = (i Kosa) 0" YnG (2). (11) 
The mean charge Z of the ampholyte is evidently given by 
¥ 2y dlog G 
L= =) f,; = ———— — ¥. 12 
x (n — v)f Hes y (12) 


The isoelectric point corresponding to vanishing average charge is 
obtained by solving the algebraic equation 


dlog G 
alpen. 


=0 (13) 


for x, equal to 10-°#. The activity coefficient of the ampholyte, 
regarded as the neutral species H,P is fy», which may be written 


y = 7-/(1 + 1,9(2)) 


y—l v 2v ( ) 
Qu 

9 x > ) II K p—st1) Yn vw f > I K vst. Yn ee 

( ) ( 2 ) ( 2 1 ) xv 


In an aqueous solution containing the ampholyte and a strong acid 
at a concentration C4, electrical neutrality requires 


2p 
SEP: v)fnCp? + Cut — Ca — Con- = 0. (15) 

n=0 
The bound hydrogen ion per mole of ampholyte, y, is defined as follows 
Cut = X/rat = Ca + Con- — yCr° (16) 


and the bound hydrogen ion becomes equal to the average charge, 


Z, or 
dlog G 


te ioe ala 


(17) 
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All pertinent information concerning the acid-base equilibria of the 
ampholyte may thus be calculated from the function G(z) 


G(a) 


2v 

>) bere (18) 
n=0 

Joy. = Wnts Tl Kaen 


We shall now undertake the development of an approximate statis- 
tical theory of the function G(x) for a large spherical ampholyte of 
radius R, containing y acidic groups COOH and » acidic group NH3T, 
following the Linderstr¢m-Lang® treatment. Let us suppose that K,° 
and K2° are the respective dissociation constants of an isolated COOH 
group and an isolated NH3+ group in the absence of electrostatic 
interaction between the protons of the ampholyte ion. In the ion 
HP, the n protons can assume a number of configurations correspond- 
ing to the different ways in which the pv basic sites COO- and the v 
basic sites NHs may be assigned to them. If W, is the local free 
energy of the configuration C, the configurational part of the chemical 
potential »,° of the ion H,P may be computed from the partition 
function, 


en neg tVkT — SS) 9—WelkT 
¢ 


We = mkT log Ky° + nokT log K2° + V. (19) 


where m, is the number of protons occupying COO@ sites, m2 the num- 
ber occupying NHp sites, and V, is the mutual electrostatic energy 
of the m protons and of each proton with the negative charges of the 
COO- groups other than that occupied by it. The calculation of V, 
demands a specification of the location of the basic groups on the 
surface of the molecule and use of the Kirkwood-Westheimer theory. 
We shall assume that the basic sites are randomly distributed on the 
surface of the sphere R. On the Kirkwood-Westheimer theory, the 
mean electrostatic interaction of any pair of charges averaged over 
all points on the surface of the sphere is simply e; ¢2/2eR where e« is 
the dielectric constant of the solvent. The average electrostatic 
energy may therefore be roughly approximated by 


V = [n(n—1) — 2m(v—1) — Qnovje?/2eR (20) 


If fluctuations in V, are neglected in the calculation of the partition 
function (19), we may now write 


’ Linderstrgm-Lang, K. Compt. rend. trav. lab. Carlsberg 15 (7): 1923-25. 
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e =e [en? —npyt? vik wo /kT = ea—(n—9)20An 


@ = &/2RkT 
n 
An= D5 Gu) Gia) Ma Aa™ (21) 
Pay ee 
hi = (Kirer) de = (Ki%e 3) 


since (7) (4,) is the number of configurations corresponding to m1 
protons on COO- sites and mz on NH; sites. By thermodynamics, we 
have 


kT log ype Lin im; Ue = art (22) 
and from equations (21) and (22) we may write 
Kay-n = at Cas (23) 
A 


n 


Thus the coefficient B, in the function G(x) becomes 
Bn = fare Hl Koray = era (n—)2a— log ¥_ An (24) 
re 


In all calculations the factor e~”* is of no importance, so that it 
is sufficient to write 


Qv 
G(x) = SD e—(n—»)2a— log tn An(, d2)z" (25) 
n=0 


A,(a, 42) = Coefficient of tin (1+ Aut) (1+ Dat)” 


We shall not discus in detail the electrostatic effect embodied in the 
factor e-(—»)"4, except to remark that it favors the dipolar ion form 
of the ampholyte H,P. However, due to the fact that a may be small 
in a protein molecule, the electrostatic interaction between the protons 
of the ampholyte may be dominated by the interaction with the 
electrolytic environment, manifesting itself in the log y n term. Thus 
acid-base equilibrium and the isoelectric points may be expected to 
be sensitive to the ionic strength of the ampholyte solution. It is 
perhaps a matter of interest to state the approximation to G(z) 
with the neglect of electrostatic interaction within the ampholyte 
molecule and with the environment. 


G(x) = (1+a/Ki°)"+2/K2°)" (26) 
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By equation (12), the mean charge of the ampholyte becomes 


Z Sou ane i (27) 
a eae K.°-+a 


For the isoelectric point, Z = 0, we have h 
t = (Ki°K,°)” (28) 


a value independent of the ampholyte’s specific structure. This 
corresponds to a pH of approximately 6. The specific behayior of 
an ampholyte is thus to be attributed to electrostatic interaction be- 
tween its charges and with its electrolyte environment, The theory 
may be extended without difficulty to an ampholyte containing acidic 
groups other than NH3;+ and COOH, for example, NH.+ and SH 
groups. 
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